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ABSTRACT
TROPHIC ECOLOGY OF JUVENILE LEAN AND SISCOWET LAKE TROUT (SALVELINUS
NAMAYCHUSH) FROM U.S. WATERS LAKE SUPERIOR
By
Will Fox Otte

In this study, I investigated the spatial overlap, diet similarity, and isotopic niches of
juvenile Lean and Siscowet Lake Trout ecotypes across six ecoregions of Lake Superior.
Spatially, Lean and Siscowet were observed in overlapping depth distributions. Leans were most
abundant in shallow waters (<60m), whereas Siscowet were most abundant in deep waters
(>60m). The greatest levels of cohabitation were observed in waters from 40-60m. Trophic
position (as measured by δ15N) was similar for both ecotypes at small sizes (<300 mm), but
Siscowet exhibited a higher trophic position than Lean Lake Trout at larger sizes (>400mm) and
older ages (>5 years). Base of production (as measured by δ13C) was similar for small Lean and
Siscowet. Isotopes of sulfur (δ34S) indicated the profundal-benthic pathway was more important
for Siscowet whereas Leans were more reliant on pelagic energy sources. Lean Lake Trout
exhibited greater length-at-age relative to Siscowet. However, Lean Lake Trout length-at-age
was negatively related to regional levels of diet similarity and niche overlap. I provide evidence
that an ontogenetic shift in which Siscowet Lake Trout shift to feeding in deeper habitats at
400mm or age-5 facilitates resource partitioning between larger and older Lake Trout ecotypes.
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CHAPTER ONE: TROPHIC OVERLAP AND GROWTH OF LEAN AND SISCOWET
LAKE TROUT ECOTYPES ACROSS THEIR ONTOGENY: DOES OVERLAP
MATTER?

INTRODUCTION
Historically, Lake Superior maintained populations of multiple Lake Trout (Salvelinus
namaycush) ecootypes (Goodier, 1981). However, the introduction of Sea Lamprey (Petromyzon
marinus) to the Great Lakes, in conjunction with overfishing, reduced the prevalence of some
ecotypes (Hansen 1995). In Lake Superior, at least four ecotypes of generally piscivorous Lake
Trout co-occur with varying levels of niche overlap (Muir et al. 2014; Hoffman 2017; Sitar et al.
2020; Vinson et al. 2020). Of these, Lean and Siscowet are the most abundant (Bronte et al.,
2003) and have recovered, although not to historical levels (Wilberg et al., 2004).
Lean and Siscowet Lake Trout are distinguished based on morphology (e.g. head shape,
fin size, eye location, and caudal peduncle girth), which are thought to be adaptive traits related
to differences in habitat and resource use (Moore and Bronte, 2001; Muir et al., 2014, Baillie et
al. 2016). Lean Lake Trout are characterized by a fusiform body shape, small, laterally
positioned eyes and low lipid content. They occupy nearshore areas generally < 80 m deep (Muir
et al., 2014) with juveniles feeding on invertebrates like Mysis (Mysis diluviana), and Diporeia
(Diporeia spp; Conner et al., 1993; Ray et al., 2007; Gamble et al., 2011a; Sitar, 2017; Sitar et al.
2020), while adults feed pelagically on fishes including Rainbow Smelt (Osmerus mordax) and
Coregonines (e.g., Cisco Coregonus artedi and Bloater Coregonus hoyi). Conversely, Siscowet
Lake Trout have a deep-body shape, large eyes, short snout, and high lipid content (Sitar et al.
2020). They inhabit a broad range of depths but mostly occur in waters > 80 m (Bronte et al.,
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2003; Ray et al., 2007; Sitar et al., 2008), feeding on fishes including Kiyi (Coregonus kiyi),
Deepwater Sculpin (Myxocephalus thompsonii), Rainbow Smelt, Burbot (Lota lota), as well as
various macroinvertebrates (Sitar et al. 2008; Sitar et al. 2020). Siscowet exhibit greater diet
plasticity than Lean Lake Trout with their morphology and lipid content facilitating benthic
foraging (Sitar et al., 2008), horizontal movements into shallow waters (Bronte et al., 2003;
Gorman et al., 2012) and vertical movements (Hrabik et al., 2006; Eshenroder 2008; Muir et al.,
2014).
Lake Superior lake trout is a rare management success story in the Great Lakes, lean
populations recovered from near extinction levels starting the late 1990s and early 2000s to peak
levels in Michigan with populations now correcting to a slightly lower equilibrium level as
indicated by density-dependent responses in somatic growth and recruitment (Pratt et al., 2016;
Ebener and Pratt 2021). Survey data indicate that Siscowet population trajectory was likely
similar to leans and present populations are abundant. Lean Lake Trout have been the sole focus
of past Lake Trout management efforts (Wilberg et al., 2004), but moving forward, Great Lakes
managers are increasingly considering deepwater ecotypes, including Siscowet Lake Trout, in
restoration efforts in the Lower Great Lakes (Bronte et al., 2008; Markham et al., 2008).
However, changing ecosystem dynamics in the Great Lakes have caused researchers and
managers to become concerned that competition for limited forage may occur among Lake Trout
ecotypes (Harvey et. al 2003). Spatially explicit insights into competition, resource use, and
niche partitioning across the trophic ontogeny of Lake Trout are lacking.
Previous literature indicate limited overlap between Lake Trout ecotypes as a function of
habitat and resource partitioning, but these findings are based on adult stages (Harvey &
Kitchell, 2000; Ray et al., 2007; Zimmerman et al., 2009). A more recent assessment by
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Hoffman (2017) showed interspecific dietary overlap among sympatric offshore Siscowet and
Lean Lake Trout, but data were skewed toward mature fish and the sampling was limited to two
Lake Superior offshore reefs. Juvenile Lean and Siscowet Lake Trout are demersal feeders that
undergo ontogenetic niche shifts as they mature (Dryer et al., 1965; Madenjian et al., 2004;
Zimmerman et al., 2009). As juveniles, both ecotypes have overlapping depth distributions and
primarily feed on invertebrates such as Mysids, suggesting they select similar habitats that
maximize foraging opportunities and minimize predation risk (Zimmerman et al., 2009). As
juveniles’ transition from consuming invertebrates to piscivory, diets diverge between ecotypes
(Dryer et al. 1965). Thus, the potential for intraspecific competition exists among juvenile Lake
Trout ecotypes. Yet, this notion has not been evaluated or addressed across a large area.
Density dependence is a driver of fish population dynamics and has been shown to shape
population structure (Rose et al. 2001). Shuter et al. (2005) found a negative relationship
between Lake Trout density and somatic growth of Lean Lake Trout. However, whether the
growth of Lean Lake Trout is related to the abundance of Siscowet is unknown. If diet overlap of
Lean and Siscowet is greatest in areas of high spatial overlap, fish in such areas should also have
greater potential for exhibiting density dependent effects such as decreased growth rates as a
result of competition for limited prey resources (Richards et al., 2004, Amundsen, Knudsen, &
Klemetsen, 2007). Lean Lake Trout growth rates should be indicative of whether the interactions
between the two ecotypes are positive or negative and provide insight into whether the recent
trends of Lean and Siscowet populations are the results of competition or simply correlation.
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GOALS & OBJECTIVES
My first objective is to determine the spatial overlap of juvenile (< 600 mm) Lean and
Siscowet Lake Trout across three depth strata (<40 m, 40-79 m, >80m) in 6 ecoregions of Lake
Superior using catch data from standardized, fishery-independent surveys. I hypothesize that
Lean Lake Trout will mostly occur in water < 80 m while Siscowet Lake Trout will exhibit a
wide-ranging distribution, occupying all waters sampled, but in greater abundance at depths >
100 m.
My second objective is to characterize the diet compositions and index of dietary
similarity between Lean and Siscowet Lake Trout within each ecoregion through gut content
analysis. I hypothesize that dietary similarity will be high for small Lake Trout based on the
consumption of Mysis, Diporeia, and small fishes like Rainbow Smelt and sculpins. As Lake
Trout increase in size and age, diet will become increasingly piscivorous for both ecotypes, but
Siscowet will rely more on Kiyi, Deepwater Sculpin, and Burbot whereas Lean will rely more on
Rainbow Smelt and Cisco. Additionally, I expect the extent of dietary similarity to vary with
depth and ecoregion and anticipate that Lean and Siscowet diet similarity will increase at sites
where there is the greatest spatial overlap.
My third objective is to use stable isotopes of nitrogen δ15N, carbon δ13C, & sulfur δ34S to
quantify trophic position and to estimate isotopic niche overlap. I hypothesize that isotopic
overlap will occur between juvenile Lean and Siscowet Lake Trout but the extent of overlap will
change through ontogeny and be dependent on sampling location. I predict that isotopic overlap
between juvenile Lean and Siscowet Lake Trout will be highest at younger ages (< 3 years) and
smaller size classes (< 300 mm), reflecting similar diet and habitat preferences. Finally, sites

4

where Lean and Siscowet Lake Trout overlap spatially will exhibit a higher probability of niche
overlap.
My fourth objective is to determine whether somatic growth, as indexed by length-at-age
relationships, differs between Lean and Siscowet Lake Trout across ecoregions. If results of
objective 3 indicate that juvenile Lean and Siscowet Lake Trout exhibit overlap for limited prey
resources, I hypothesize that somatic growth will be related to the population density and prey
availability. To test this hypothesis, I will construct ecotype-specific von Bertlannfy growth
models from different ecoregions with differing amounts of spatial overlap. I anticipate that
growth will vary between ecotypes and among ecoregions and that Lean Lake Trout will exhibit
faster growth rates than Siscowet Lake Trout. Additionally, I expect growth of Lean Lake Trout
will differ among ecoregions and be related to abundance of prey and Siscowet.
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METHODS
Sampling
Lake Trout were collected using a combination of passive and active sampling gear
including bottom set gill nets and Yankee bottom trawls. Nylon multifilament gill net gangs
measured 457 m by 1.8 m with graded mesh sizes of 5.1, 5.7, 6.4, 7.0, 7.6, and 8.9 cm (Sitar
2017). Smaller size gill net mesh selects for Lake Trout that are < 600 mm in total length. Based
on Sitar and He (2006) and data from summer Lake Trout surveys, greater than 50% of Lean and
Siscowet are reproductively mature between 550-600 mm. Thus, the described gill net sampling
was appropriate to capture juvenile Lake Trout. Gill net sets were conductd across U.S. waters of
Lake Superior from Grand Marais, MI to the North shore of MN by the WI DNR, MN DNR, and
MI DNR during the spring and summer of 2019 and 2020 (Table 1). The sampling area was
divided into six Ecoregions including the north shore of Minnesota (MN), Apostle Islands (WI),
West of Keweenaw Peninsula (WK), East of Keweenaw Peninsula (KB), Marquette (MM), and
Grand Marais (GM; Fig. 1). These six ecoregions were selected because lake trout populations in
these areas are demographically similar and provide a gradient in Siscowet abundance and
bathymetric heterogeneity, which could affect trophic interactions with Lean Lake Trout (Benson
and Magnuson 1992). Depth distribution of lake trout was assigned from the mean depth of the
nets deployed at each sampling station.
To increase sample sizes of the smallest of Lake Trout the U.S. Geological Survey
employed a #35 ¾ Yankee bottom trawl (11.9 m head rope, 15.5 m footrope, and 2.2 m wing
height) with 89-mm, 64-mm, and 13-mm stretch mesh at the mouth, trammel, and cod end
during their annual nearshore and offshore fish community surveys (Vinson et al. 2019). All
trawl tows were done during daylight hours following USGS standardized protocols. This
6

targeted fish less than 200 mm to approximately 600 mm in length to bolster sample sizes of
ages 1 through 8 across the sampling extent.
Diet Analysis
Diet compositions of Lean and Siscowet Lake Trout were measured from a lengthstratified, sub-sample of fish captured during surveys conducted in 2019 and 2020 (Table 2).
Sampled Lake Trout were binned into 2 length-classes (e.g. < 399 mm, > 400 mm) based on
dietary and isotopic differences. Diet items were weighed and enumerated into 13 categories
(Table 3).

Stable Isotope Analysis
Stable isotopes were used to estimate the degree of niche overlap between ecotypes. The
trophic position of ecotypes was ascertained using stable isotopes of nitrogen (δ15N), carbon
(δ13C), and sulfur (δ34S) from dorsal white muscle. Muscle samples were oven dried at 60°C,
homogenized, and individually encapsulated in tin capsules. Carbon, nitrogen, and sulfur stable
isotope and C:N ratios were measured for all Lake Trout samples using an Elemental Analyzer
(Costech, Valencia, CA) coupled to a Delta Plus Isotope Ratio Mass Spectrometer (Thermo
Scientific, Waltham, MA) located at the University of Waterloo Stable Isotope Facility. Isotope
ratios were corrected within each individual run using a 3-point standard curve developed from
known isotope standards (EA Consumables, Pennsauken, NJ). Stable isotope ratios of δ15N,
δ13C, and δ34S were expressed as:
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𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝛿 15 𝑁, 𝛿 13 𝐶, 𝛿 34 𝑆 = (
− 1) 𝑥 1000
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

where, R is the ratio of δ15N to δ14N, δ13C to δ12C, or δ34S to δ32S, respectively. Data were
deemed acceptable if the standard deviation of internal standards during the run were <0.25 per
mil (‰). Internal animal standards for δ13C and δ15N were from Whitetail Deer tissue and
internal animal standards for δ34S were from bovine liver and mussel. Increased lipid content of
tissue can lead to depletion of δ13C resulting in biased inference related to trophic ecology of an
organism (Post et al., 2007). Tissue C:N ratio is highly correlated to lipid content; samples with a
C:N ratio > 4 had δ13C corrected following Hoffman et al., (2015):

𝛿 13 𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿 13 𝐶𝑏𝑢𝑙𝑘 − 𝑓𝑙𝑖𝑝𝑖𝑑 × ∆𝛿 13 𝐶𝑙𝑖𝑝𝑖𝑑

and

𝑓𝑙𝑖𝑝𝑖𝑑 = 1 −

𝐶: 𝑁𝑙𝑖𝑝𝑖𝑑 𝑓𝑟𝑒𝑒
𝐶: 𝑁𝑏𝑢𝑙𝑘

where, δ13Cbulk is the uncorrected carbon isotope ratio, ∆δ13Clipid is the change in tissue δ13C
before and after lipid correction, and flipid is the proportion of the sample that is lipid (cf.
Hoffman et al., 2015). Accounting for tissue lipid content is especially important when working
with Siscowet Lake Trout which can have tissue lipid content that exceeds 70% (Eschmeyer &
Phillips, 1965).
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Fish Age Determination
Lake Trout ages were assessed from either maxilla or sagittal otoliths depending on fish
size. Maxilla were used for Lean Lake Trout <650 mm and Siscowet <575 mm and sectioned
otoliths were used for larger fish (Sitar 2017). Both aging structures provide a robust estimate of
fish age (Wellenkamp et al. 2015). Aging structures were embedded in epoxy and thin-sectioned
using an isomet slow-speed saw. Sectioned maxilla or otolith were polished using fine-grain sand
paper prior to aging. Polished aging structures were soaked in mineral oil and annuli were
enumerated visually using a compound microscope with reflected light. All aging was conducted
by the Michigan Department of Natural Resources (MI DNR). Assessment of accuracy and
precision was obtained by having all personnel involved in fish aging conduct age assessment
trials on a reference collection with known ages prior to age determination (Campana 2001). All
personnel had an average personnel error rate < 10%.
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STATISTICAL ANALYSES
Spatial Analysis
To investigate how Lake Trout ecotypes were distributed across the depth gradient of Lake
Superior, I placed depth of captured into 20 m bins. For each depth bin I then calculated the
catch per unit effort (CPUE). To assess whether the CPUE of ecotypes interacted with
environmental variables, I used a generalized linear mixed model (GLMM) approach coupled
with AICc model selection (cf. Bolker et al., 2009; Johnson & Omland, 2004). For each model,
CPUE was considered the response variable and predictor variables included depth bin of
capture, ecotype, and total length (mm). In all models, ecoregion was treated as a random effect
to account for repeated survey effort within each ecoregion. CPUEs were log-transformed prior
to analysis (cf. Bolker et al., 2009). Model performance and uncertainty were assessed using
AICc (cf. Bolker et al., 2009), which ranks models based on the principle of parsimony (Johnson
& Omland, 2004). To aid in distinguishing between high-ranking models I calculated modelaveraged parameter estimates and relative variable importance (sum of AICc weights from all
models containing a variable of interest) for fixed effects from models with a ΔAICc of less than
10 (Bolker et al., 2009). Finally, I also calculated a pseudo-R2 for all models with ΔAICc less
than 10 to describe the variance explained by fixed and random effects (Barton, 2012).
Diet Analysis
For the purposes of my investigation, diet composition was established through the
combined results of both traditional gut content analyses, which represent “snapshots” of what
the fish consumed over the past few days, and stable isotope analyses, which indicate trends in
diet history over a longer period (Jardine et al., 2006; Stockwell et al., 2014). I used multiple
10

statistical approaches to examine diet. First, I determined the frequency of occurrence and
percent biomass of prey items in individual Lake Trout diets. Percent biomass is the wet mass of
individuals of a prey type divided by the total wet mass of all prey types. Frequency of
occurrence is the percentage of stomachs where a food category was present. Second, I estimated
the extent of dietary overlap between Lake Trout ecotypes using Schoener’s index, defined as:

𝑚

𝐶𝑥𝑦 = 1 − 0.5 × ∑|𝑃𝑥𝑖 − 𝑃𝑦𝑖 |
𝑖=1

where, 𝑃𝑥𝑖 is the proportional abundance of species 𝑖 in the diet of Lean Lake Trout and 𝑃𝑦𝑖 is
the proportional abundance of species 𝑖 in the diet of Siscowet. When 𝐶𝑥𝑦 equals 1 there was
100% dietary overlap between the two ecotypes; when 𝐶𝑥𝑦 equals 0 there was no dietary overlap.
A value of 0.6 is considered a threshold for ecologically significant overlap (Ray et al., 2007).
Pairwise estimates of overlap between Lake Trout ecotypes were calculated for each ecoregion
and size class.
Stable Isotope Analysis
I used both the Stable Isotope Bayesian Ellipses (SIBER, Jackson et al., 2011) and the
NicheRover (Swanson et al., 2015) package in R to describe the isotopic niche patterns of Lake
Trout ecotypes across ecoregions of Lake Superior. In SIBER, the total niche area (TA) was
calculated for each species using a convex hull to approximate the total extent of trophic
diversity (cf. Layman et al., 2007). In addition, I estimated the standard ellipse area (SEAC) for
each species, which represents the core area (~40%) of isotopic niche (cf. Jackson et al., 2011).
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The SEAC was estimated in a Bayesian framework from randomly selected pairs of δ15N and
δ13C with a Monte Carlo resampling procedure (100,000 iterations) and a Wishart prior
(Swanson et al., 2015). The posterior distribution from the Monte Carlo was used to estimate
SEAC. In NicheRover, the probability of niche overlap between ecotypes was estimated by
resampling randomly selected pairs of δ13C, δ15N, δ34S using a Monte Carlo procedure with an
inverse Wishart prior (Swanson et al., 2015). The posterior distribution from the Monte Carlo
was used to estimate the probability that a randomly drawn Lean individual will be found within
the niche of Siscowet, and vice versa. The mean probability of overlap ± 95% credible interval
was calculated (Swanson et al., 2015) for each size class and ecotype across ecoregions.

Lake Trout Growth
I estimated Lake Trout growth using a Von Bertlanffy growth model (VBM). The VBM
is a useful tool when comparing growth among different populations or locations (Quist et al.,
2012). The model is defined as:

𝐿𝑡 = 𝐿∞ (1 − 𝑒 −𝐾(𝑡−𝑡0 ) )

where: Lt is estimated length at age t, L∞ is the asymptotic or theoretical maximum length, K is
the growth coefficient, and t0 is the theoretical age when length equals zero. The parameter K
describes how quickly a fish reaches maximum length and is useful in describing populationspecific growth rates. To determine whether VBM parameters vary by ecotype and ecoregion, I
developed 9 candidate models a priori that represent a subset of the most complex model that
estimates a unique t0, K, and L∞ parameter for each ecotype in each ecoregion. I also fit a null
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model, which assumes that Lake Trout share a common t0, K, and L∞ parameter (e.g. growth does
not vary by ecoregion or ecotype). The best model was selected using Akaike’s Information
Criteria (AIC). I interpreted ecoregion and ecotype specific parameter estimates (coefficients and
standard errors) as evidence for differences in growth.
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RESULTS
Spatial Overlap
In summer of 2019 and 2020, 1064 fish were collected from six ecoregions of Lake
Superior for diet and isotopic analyses. Lean and Siscowet Lake trout were found in varying
abundance dependent on depth (Table 4). Lean Lake Trout dominated the catch at shallow sites
and numbers declined with depth. Catch of Siscowet was generally lowest in shallow waters and
steadily increased with depth. Depths between 40 and 60 meters had the greatest levels of
cohabitation.
Log-transformed CPUE was best explained by the station depth bin, ecotype, and length
class (Table 5). This model had a high AICc wi (0.460) and explained a large proportion of
variation (pseudo-R2 = 0.389) in Lake Trout CPUE (Table 5). The second-ranked model also
received a high AICc wi and was analogous to the top model except it excluded ecotype as a
covariate (Table 5). Overall, every model with a ΔAICc of less than 10 included the depth as a
covariate. The variables of ecotype and length class were selected in three of the four models
with ΔAICc < 10 (Table 5). However, each of these models had low variable importance and did
not improve the proportion of variance explained by the model (Table 5), suggesting that their
inclusion in the model did not substantially increase the model’s explanatory power.
Diet Analysis
Diet compositions varied both across ecoregions and between ecotypes (Fig. 2). At small
sizes (< 399 mm), Rainbow smelt and Mysis contributed the greatest proportion to dietary
biomass to Lean Lake Trout in all ecoregions except the Western Keweenaw where other fishes
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such as Alewife and Trout Perch, were most prevalent. For Lean Lake Trout of larger sizes (>
400 mm), relative contributions of Mysis to stomach content biomass was lower than in small
fish in all ecoregions except MN and MM. For large Lean Trout in four of the six ecoregions
(WI, WK, KB, & MM) Rainbow Smelt were the dominant prey item. In the Grand Marias
ecoregion, Coregonines and terrestrial insects contributed nearly equivalent amounts to stomach
content biomass. At all sizes, the contents of the dietary biomass consumed by Siscowet was
more diverse relative to Leans. At small sizes, important contributors to Siscowet diets varied
geographically and included sculpins (WI & WK), Mysis (MN, WI, MM, & GM), terrestrial
insects (MN), and Rainbow Smelt (KB). For Siscowet of large sizes, dominant prey items
included terrestrial insects (MN & GM), Coregonines (WK & KB), Rainbow Smelt (KB), and
Burbot (WI, KB, & MM).While ecotypes of both size groups consumed similar prey items, their
proportions differed across the ecoregions, particularly for large fish. However, small fish in
MN, KB, and GM ecoregions and large fish from GM had similar diet composition based on
Schoener’s Overlap Index (Table 6). Only three ecoregions (MN, KB, & GM) had ecologically
significant diet overlap of > 0.6. Additionally, differences in D-values within each length bin
indicates that diets of Lean and Siscowet are marginally more alike at smaller sizes.

Stable Isotope Analysis
Muscle tissue from 422 Lean and 294 Siscowet Lake Trout were analyzed for δ13C, δ15N,
and δ34S. δ13C varied by as much as 4‰ among Leans and 8‰ among Siscowet (Fig. 3). Despite
variation in the breadth of δ13C values for the two ecotypes, signatures of Lean and Siscowet of
all sizes were generally centered around -25‰ (Fig 3). δ15N varied by as much as 5‰ among
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Leans and 7‰ among Siscowet or 2 trophic levels. However, this pattern was influenced by
depth and size (Fig. 4). At the smallest sizes (<299mm) Siscowet and Leans had similar δ15N
values (Fig. 4). In all ecoregions except GM, Siscowet exhibited a shift of 3‰ in δ15N levels
after reaching the 300-399mm length bin (Fig. 4). On the other hand, the δ15N signatures of
Leans stayed relatively constant regardless of size (Fig. 4). δ34S varied by as much as 5‰ among
Leans and as much as 5‰ among Siscowet. Similar to δ15N, at the smallest sizes (<299mm),
both ecotypes had similar δ34S values (Fig 5). In all ecoregions except WI, Siscowet exhibited a
shift of 1‰ in δ34S levels after reaching the 300-399 mm length bin. In contrast, the δ34S
signatures of Leans were relatively constant regardless of size (Fig. 5).
Probabilistic (95%) niche regions were determined for two size classes (<399 mm &
>400 mm) of both ecotypes from each of the six ecoregions (Fig. 6 & 7). Consistent with the
results of the diet analysis, Siscowet occupied a larger niche area in each ecoregion than Leans,
regardless of size class. Differences between the niches of both ecotypes were primarily driven
by δ15N and δ34S (Fig. 8). With Leans occupying smaller niche regions then Siscowet, pairwise
overlap between ecotypes was skewed towards higher probabilities for Leans falling within the
Siscowet niche relative to Siscowet falling within the Lean niche across all ecoregions (Table. 7).
At small sizes, ecotypes had greater probabilities of overlap than at large sizes. The greatest
probabilities of overlap occurred in the GM ecoregion. Overlap probabilities generally decreased
moving west across the lake.
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Growth
On average, Leans had greater length-at-age relative to Siscowet (Fig. 8; Table. 8).
Differences in the L∞ parameter between ecotypes was the driving force behind difference
identified by model selection (Table 9). Models with the L∞ parameter varying between
ecotypes were found in three ecoregions including MM, KB, and MN. The L∞ and t0 parameter
both differed for the WI ecoregion based upon AIC model selection. In contrast, GM was the
only ecoregion in which the most parsimonious model did not include the L∞ parameter. Instead,
the model with L∞ shared among ecotypes with K and t0 differing had the best fit for the GM
ecoregion.

17

DISCUSSION
My research indicates that there is a significant amount of regional variation in Lake
Trout diets, yet within all the ecoregions sampled, Lean and Siscowet Lake Trout have somewhat
similar diet compositions. As they grow larger, the diets of the two ecotypes both become
increasingly piscivorous, but the type of prey consumed differs between ecotypes and
ecoregions. Similar to previous stomach content data from the nearshore of Lake Superior (Ray
et al. 2007; Gamble et. al 2011 a), at small sizes, in the present study the diets of both ecotypes
were dominated by Mysis, Rainbow Smelt, and Sculpins. Zimmerman et al. (2009) reported an
ontogenetic shift in Lake Trout feeding around 430 mm in Great Slave Lake and Sitar et al.
(2020) observed a similar ontogenetic shift in prey fish energy density at 400 mm mm. Likewise,
I observed a significant increase in piscivory for both ecotypes at sizes greater than 400 mm. The
observed increase in picsivory at lengths greater than 400 mm is likely driven by the alleviation
of gape limitation at this length for larger native fishes such as Coregonines, Salmonines, and
Burbot (Sitar et al. 2020). While previous Lake Superior studies have described the diets of Lean
Lake Trout as highly dependent upon Rainbow Smelt, Sculpins, and Coregonines (Ray et al.
2007; Gamble et al. 2011 b) and the diets of Siscowet as dominated by Deepwater Sculpin and
Coregonines. My analysis indicates the diets for Lean Trout > 400 mm were also dominated by
Rainbow Smelt in the WI, WK, KB, and MM ecoregions. However, in MN and GM, terrestrial
insects, Mysis, and Coregonines were the most important contributors to the diets of Lean Lake
Trout > 400 mm. These findings highlight that there is ecoregional variation in diet among
similarly sized Lean Lake Trout.
Opposite the selectivity observed in Lean Lake Trout, the diets of Siscowet > 400 mm
were more diverse, comprised of Coregonines, Rainbow Smelt, terrestrial insects, and Burbot.
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These findings stand in contrast to those of Ray et al. (2007) who did not include invertebrates or
insects in their analyses and Gamble et al. (2011b) who did not detect Burbot in the diets of
Siscowet. While they did have a broad sampling extent, Gamble et al. (2011a; 2011b) only
employed bottom trawls for the collection of Lean and Siscowet Lake Trout, resulting in
relatively low sample sizes of Lake Trout > 400 mm (47 Siscowet and 38 Leans), which provides
a bias measure of the diet of large lake trout. Through the combined efforts of bottom trawling
and gill netting I enumerated the diets of 120 Siscowet > 400 mm and found that unlike Siscowet
< 399 mm, Sculpins did not compose a significant proportion of their diet based on biomass.
Instead, they were replaced by Burbot as a benthic prey source, which comprised a significant
proportion of the diet biomass of Siscowet > 400 mm in the WI, WK, and MM ecoregions, an
observation consistent with optimal foraging theory and ontogenetic shift in prey optimization
(Cachera et al., 2017). While there is evidence of significant ecoregion variation in the diet of
Siscowet Lake Trout in Lake Superior, Burbot appear to be an important energy source for Lake
Trout > 400 mm in some regions and demonstrate that large fish consume large prey in both
benthic and pelagic zones.
For diets between ecotypes, there was a clear negative relationship between diet
similarity and Lake Trout length. In almost every ecoregion, ecotypes < 400 mm had higher Dvalues than those > 400 mm. These observations coincide with the ontogenetic shift observed in
the diet composition congruent with the findings from Great Slave Lake by Zimmerman et al.
(2009). Similarity in diet was ecologically significant in three of the six ecoregions. Lake trout
abundance varies across regions of Lake Superior (Pratt et al. 2016; Ebener and Pratt 2021)
which, in conjunction with spatial overlap, may explain the differences in dietary similarity
measured between the ecoregions. Yet, any observed similarity in diets may not be relevant if
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Lean and Siscowet are feeding at different depths. However, Lean and Siscowet were captured in
overlapping depth distributions and the best predictor of variability in Lake Trout CPUE was
depth rather than ecotype or length class which suggests that, at smaller scales, Lean and
Siscowet may be competing for the same prey resources.
Previous applications of Schoener’s index to assess dietary similarity between Lean and
Siscowet Lake Trout of Lake Superior (Sitar et al. 2020; Vinson et al. 2020) indicated much
higher estimates of diet similarity between the ecotypes than this study whereas others (Ray et al.
2007) evidenced less. Vinson et al. (2020) collected sympatrically occurring fish from two small
offshore reefs and the study by Sitar et al. (2020) was at Isle Royale. Ray et al. (2007) and
present study had much broader, nearshore sampling extents having greater diversity of available
prey items which likely influenced the lower estimates of similarity in the diets we analyzed.
Furthermore, the number and type of diet categories along with temporal gaps may confound
study comparisons. For instance, Vinson et al. (2020) used 9 prey categories and reported the
highest dietary similarity values while Sitar et al. (2020) used 12 categories resulting in lower
similarity values. Ray et al. 2007 used only 7 categories but omitted invertebrates, one of the
most common shared diet items between ecotypes, which resulted in D-values much lower than
the other two studies. Despite differences in methodologies between this study and prior work,
the notion that there is a notable degree of diet similarity between Lean and Siscowet is
supported by all studies (Ray et al. 2007; Sitar et al. 2020; Vinson et al. 2020).
Juvenile Lean and Siscowet were inversely distributed across depth gradients from each
other, with the greatest levels of overlap occurring at intermediate depths (40-60m). These
results closely mirror those of Muir et al. (2014), which found that Siscowet are better adapted to
the dark, cold conditions of deep water and have been found to principally occupy habitats
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greater than 80 m (Bronte et al. 2003). These transitional zones between 40 and 60 m may
represent suboptimal habitat for Siscowet due to reduced cold-water habitat (Moody et al. 2011).
Siscowet are thought to be near carrying capacity in most regions of Lake Superior (Sitar 2017).
As the population of Siscowet have increased gradually in previous decades (Sitar 2017), the
movement of Siscowet into suboptimal habitats may be reflective of density dependence such as
lower intraspecific competition or higher relative prey availability in shallow zones (Pratt et al.
2016). Even though numbers of juvenile Siscowet in transitional depths may only be a small
proportion of the overall population, it is likely that they will occupy similar habitats to Leans
that maximize forage and minimize predation risk which could exacerbate intraspecific
interactions. If juvenile Siscowet abundance continues to increase, spillover into suboptimal
habitats could intensify intraspecific interactions between the two ecotypes.
In this study, I systematically evaluated niche differences between juveniles of both
ecotypes across a broad sampling extent with regional specificity. In my investigation of niche
overlap among juvenile Lean and Siscowet Lake Trout, I observed high degrees of isotopic
overlap but saw increasing differentiation at larger sizes. Prior investigations of niche overlap
between Lean and Siscowet Lake Trout based on δ13C and δ15N ratios offer contradictory
inference (Harvey & Kitchell 2000; Harvey et al. 2003; Sierszen et al. 2014; Hoffman 2017).
Harvey & Kitchell (2000) found little evidence of trophic overlap between adult ecotypes as a
function of habitat & resource partitioning. Further, Sierszen et al. (2014) found that Siscowet
Lake Trout were more dependent on the benthic-profundal pathway whereas Leans were
primarily pelagic. In contrast, Harvey et al. (2003) reported that Siscowet rely on nearshore prey
for up to 25% of their production. Recent research from offshore shoal locations that have
sympatric populations of Lean and Siscowet exhibit extensive isotopic overlap and high
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similarity in fatty acid profiles (Hoffman 2017). Interestingly, the two studies that support
partitioning among the two ecotypes had large sampling extents and were focused primarily on
adult fish, whereas the two studies that report overlap had smaller sampling extents and included
juvenile fish in their analyses. This study had large samples sizes coupled with wide
representation of size and ages of Lean and Siscowet Lake Trout.
The results of my isotopic analyses help explain differences between prior investigations.
Specifically, I observed high niche overlap among juvenile Lake Trout. Moreover, similar to the
results of my diet analyses, Siscowet occupied broader niches indicating that Siscowet have
greater dietary flexibility given their ability to traverse a larger depth gradient (Sitar et al. 2020)
which mitigate competition with Leans. Whereas ratios of δ13C, δ15N, and δ34S for Leans did not
change significantly with size, Siscowet underwent marked shifts in δ15N at 300mm (~age-5).
δ15N enrichment has been previously observed in Siscowet (Harvey & Kitchell, 2000; Harvey et
al., 2003; Omara et al., 2015), but the timing of this enrichment has not. The ~3‰ shift in
nitrogen may be attributed to feeding at higher trophic level via the consumption of Burbot,
which represented up to one third of the biomass content of Siscowet > 400 mm. However, Lake
Trout feed across multiple trophic levels (i.e. they consume invertebrates, invertivores,
planktivores and piscivores), which reduces the likelihood that δ15N enrichment is solely due to
trophic interactions (Ray et al. 2007; Sitar 2017). Prior studies have demonstrated δ15N
enrichment with depth (Sierszen et al. 2006), thus, the directional change in δ15N ratios of
Siscowet represent both the depth of foraging habitat along with the dominant prey items (e.g.
Burbot and Sculpin) they consume in the benthos.
Like δ15N, Siscowet underwent shifts in δ34S at 300mm (~age-5) as well. While δ13C
ratios cannot differentiate between sedimented and pelagic phytoplankton, δ34S ratios can
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differentiate between organisms assimilating energy from detrital (benthic) and planktonic
(pelagic) pathways (Croisetiere et al. 2009; Hoffman 2017). The trophic fractionation of Sulfur is
< 0.5‰ (Schmidt et al., 2015). The ~0.5‰ shift in δ34S occurring in Siscowet is indicative of a
change from a diet based on pelagic inputs to one relying on benthic contributions. The changes
in δ15N and δ34S occurring in Siscowet reveal that around 300mm (~age 5) Siscowet undergo an
ontogenetic shift from feeding in shallow habitats on prey connected to pelagic pathways (e.g.
Mysis and Rainbow Smelt) to feeding in deeper habitats on prey connected to benthic
pathways(e.g. Burbot and Sculpin). These observations are congruent with a past study where the
benthic pathway was of greater importance to Siscowet Lake Trout which relied on Burbot,
Coregonines, and Deepwater sculpin, while Lean Lake Trout obtained more nutrition from the
pelagic pathway through high consumption rates of Rainbow Smelt and Cisco (Sierszen et al.
2014). Contrary to δ15N and δ34S, there was very little differentiation between ecotypes in δ13C
ratios beyond a marginally broader distribution of values for Siscowet. Similar to the
composition of their diets, the lack of separation in δ13C is likely due to Lake Superior’s simple
food web (Christie 1974; Schmidt et al. 2009) and the general and opportunistic diet patterns of
Lake Trout, using many prey from a variety of habitats (McMeans et al., 2016; Chavarie et al.,
2016a). Benthic sources of carbon tend to be enriched in δ13C relative to pelagic sources (Hecky
and Hesslein 1995; Sierszen et al. 2006). However, in Lake Superior the benthic pathway in
Lake Superior is supported by sedimented phytoplankton, which would share the same carbon
signature as the pelagic pathway (Croisetiere et al. 2009; Sierszen et al. 2006).
While Lean and Siscowet appear to be feeding on similar prey items, particularly at small
sizes, dietary similarity may not be indicative of competition if ecotypes are spatially segregated
by feeding at different depths. Lake Superior does not support a very complex food web which
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limits niche separation through prey specialization (Christie 1974; Schmidt et al. 2009). As
mentioned previously, the benthic and pelagic pathways share the same carbon source (Sierszen
et al. 2014). Moreover, similar isotope ratios among prey in Lake Superior could further
exaggerate overlap of isotopic niches between the ecotypes (Harvey and Kitchell 2000). In
contrast, depth appears to be the defining driver of specialization and niche separation in Lake
Superior; a pattern not exclusive to Lake Trout (Muir et al. 2014), but also with Ciscoes
(Rosinski et al. 2020), and Sculpins (Selgeby 1988). While the majority of Siscowet occupy
waters beyond the scope of typical Lean Habitat preferences (Pratt et al. 2016) and at broad
scales, the ecotypes partition prey resources well, so observations of overlapping depth
distributions should not be discounted (Sitar 2017). Rather, they are indicative of a more nuanced
interaction between Lean Lake Trout and portions of the greater Siscowet population. This
overlap could be enhanced by density dependent interactions which fluctuate across space and
time. (Schmalz and Hansen 2002). However, observations of dietary similarity and niche overlap
between Lean and Siscowet Lake Trout may not have competitive effects to Lake Trout ecotypes
if their environment is not prey limited. Moreover, Lake Trout have a compensatory capacity to
respond to changes in their ecosystem, one such form of adaptability is a flexible diet which may
allow them to accommodate such pressure without suffering negative effects (Zimmerman et al.,
2009).
I hypothesize that juvenile Siscowet Lake Trout are distributed in shallower portions of
the Siscowet habitat to optimize access to prey resources that facilitates somatic growth and lipid
accumulation before migrating to deeper water where there are less invertebrate prey and more
environmental constraints (e.g. light, depth, pressure). While this creates dietary overlap and
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competition between juveniles of both ecotypes, it is mitigated by dietary diversity and the
abundance of a key invertebrate food source, Mysis.
Though no Siscowet spawning sites have been documented, it has been inferred that
Siscowet reproduce at intermediate depths (where substrate is available) relative to their full
depth range (Goodier 1981; Hansen 1995). This would allow juvenile Siscowet to begin their
lives in these more productive habitats, which partly or fully overlap with that of Juvenile Leans.
However, the competitive effects of such sympatry are buffered by high availability of primary
food sources of inverts while they are small and not competing so much on prey fishes
(Carpenter et al. 2011; Jude et al., 2018). Mysis appear to be a key resource for young Siscowet,
as juvenile Siscowet are not commonly observed outside the depth constraints of Mysis (< 200m;
Carpenter et al. 2011, Sitar 2017; Jude et al., 2018). Further, Mysis are an important prey item for
small fishes such as Rainbow Smelt and sculpins and influence abundance and habitat
constraints of these other food sources key to young Lake Trout (Gamble et al., 2011a; Gamble
et al., 2011b). As juvenile Siscowet feed on these shallow, ample resources, they begin to
undergo ontogenetic increases in lipid storage related to diet which makes them more suitable to
live in deep water (Moore and Bronte, 2001; Muir et al., 2014, Baillie et al. 2016). Once they
begin to incorporate more limited sources of prey, such as small fishes like sculpins and rainbow
smelt, into their diets, the ecotypes self-regulate competition by niche partitioning though
ontogenetic shifts in food and habitat distribution (Zimmerman et al., 2009; Sitar 2020). These
shifts are confirmed by observations in the present study where depth associated nitrogen
enrichment was reported in juvenile Siscowet beginning at 300mm simultaneous with
enrichment of sulfur that indicates a shift from pelgically sourced prey (Mysis) to benthically
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sourced prey (sculpins and Burbot). Thus, the evolution of Lake Trout involves resource
portioning by ecotypes to optimize the survival of the Lake Trout species.
Congruent with prior work (Moore and Bronte, 2001), I found that Lean Lake Trout had
higher estimates of length-at-age relative to Siscowet. I observed a negative relationship between
estimates of Lean and Siscowet L∞ and estimates of diet similarity and isotopic overlap. While
Siscowet are abundant across the Lake (Sitar 2017), prey availability and Lean density may
interact with estimates of L∞ as well. Abundance of Lean and Siscowet Lake Trout in Minnesota
and Wisconsin waters of Lake Superior have remained relatively constant since the mid-2000s
(Blankenheim 2018; Dray 2019; Dray 2020). Lean Lake Trout populations in Michigan waters
west of the Keweenaw Peninsula are low in abundance and are still in the recovery process,
whereas Lean Lake Trout populations east of the Keweenaw Peninsula have recovered and are
self-sustaining (Sitar 2017). Overall in Michigan waters, observations of decreased length at age,
reduced condition, shifting length at maturity, and increases in the proportion of older fish
signify density-dependent responses in Lean Lake Trout populations (Sitar and He 2006, Sitar
2017; Pratt et al. 2016; Ebener and Pratt 2021). Lake Superior is a prey limited system and may
be at carrying capacity for lake-wide stocks of many key species (Kitchell et al. 2000),
furthermore, lake-wide biomass of prey fishes have declined substantially in recent years which
could enhance competitive interactions among top predators (Pratt et al. 2016, Ebener and Pratt
2021). I measured that the magnitude of difference between ecotype estimates of L∞ shared a
negative relationship with estimates of dietary similarity and isotopic overlap. Specifically, the
greatest differences between ecotype estimates of L∞ occurred in Minnesota and the Western
Keweenaw, intermediate differences in the Wisconsin and Marquette-Munising ecoregions, and
smallest differences in Grand Marias and Keweenaw Bay. In all regions except Grand Marias
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(highest overlap) large Siscowet were still feeding at higher trophic level (greater depth)
implying that majority of effects are driven by overlap at small sizes. Thus, there is some support
in the data that niche overlap observed between populations of Lean and Siscowet Lake Trout is
related to somatic growth with a disproportionally greater impact on Lean Lake Trout. This
effect is more pronounced in ecoregions with recovered stocks of Lean Lake Trout and provides
a reasonable explanation for observations of density-dependent responses in Lean Lake Trout
(Sitar 2017).
Conclusion
Juvenile Lean and Siscowet Lake Trout were observed in overlapping depth distributions.
While the diets of both ecotypes generally comprised similar prey items, there were differences
that amplified with size. Overall, diet similarity increased from west to east across the lake.
Stable isotope ratios of δ13C were very similar between Lake Trout ecotypes with Siscowet
having a marginally broader distribution. While δ15N and δ34S ratios remained constant in Lean
Lake Trout, Siscowet underwent significant changes in δ15N and δ34S due to ontogenetic shifts in
use of shallow to deep habitats and pelagic to benthic pathways occurring around 300mm or age5. In general, niche overlap followed a similar trend to diet similarity, where niche overlap
probability increased moving west to east across the lake. Lean Lake Trout had higher length-atage relative to Siscowet, but estimates of this quantity were lowest in ecoregions with the highest
dietary similarity and niche overlap. As much of the overlap in diet and niche stemmed from the
smallest individuals, I hypothesize that the juvenile Siscowet occupying shallow habitats could
effect the fitness of small Lean Lake Trout through competitive interactions if the abundance of
key resources of Mysis, Rainbow Smelt, and sculpins were to drop. While competition may only
be occurring between ecotypes during early life stages, the impact of negative interactions at
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these times is concerning, as this is when predation risk is greatest and growth rates should be
high in response. However, there is little evidence of negative responses from juvenile Lake
Trout sympatry and shared use of Mysis and small prey fish stocks in Lake Superior at this time.
Future management efforts considering the reintroduction of deepwater ecotypes to the lower
Great Lakes should examine the bathymetry of the target areas and the availability of juvenile
forage with scrutiny. Gradients are a major theme in ecological theory and the size- and regionspecific trends of this study emphasize how partitioning large systems, such as Lake Superior,
into small sub-groups and sub-habitats can provide a holistic and nuanced understanding of the
system that is overlooked when analyzed as a single habitat or population.
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FIGURES

Figure 1. Map of Lake Superior ecoregions including the north shore of Minnesota (MN; purple),
Apostle Islands (WI; indigo), West of Keweenaw Peninsula (WK; teal), East of Keweenaw
Peninsula (KB; dark green), Marquette (MM; light green), and Grand Marais (GM; yellow)
sampled in summer of 2019 and 2020. Overlaid grey lines indicate traditional Trout management
units of Lake Superior.
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Figure 2. Prey composition by percent biomass from two length groups of Lean and Siscowet
Lake Trout sampled during summer of 2019–2020 from 6 ecoregions of Lake Superior. Prey
items were enumerated into 13 categories: Birds (BRD), Terrestrial Insects (INS), Unidentified
Fish Remains (UFR), other fish (FIS), Salmonines (SAL), Coregonines (COR), Rainbow Smelt
(SMT), Sticklebacks (STK), Burbot (BUR), Sculpins (SCU), Mysis (MYS), Diporiea (DIP),
other non-fish (OTH).
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Figure 3. Density ridge plots of the distribution of δ13C values among five size classes of Lean
(Yellow) and Siscowet (Blue) Lake Trout sampled during summer of 2019–2020 from six
ecoregions of Lake Superior.
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Figure 4. Density ridge plots of the distribution of δ15N values among five size classes of Lean
(Yellow) and Siscowet (Blue) Lake Trout sampled during summer of 2019–2020 from six
ecoregions of Lake Superior.
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Figure 5. Density ridge plots of the distribution of δ34S values among five size classes of Lean
(Yellow) and Siscowet (Blue) Lake Trout sampled during summer of 2019–2020 from six
ecoregions of Lake Superior.
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Figure 6. Probabilistic 95% niche regions (dotted ellipses) from estimates of δ15N and δ13C for
two size classes of Lean (yellow) and Siscowet (Blue) Lake Trout sampled during summer of
2019–2020 from six ecoregions of Lake Superior. Data points represent the isotope signature
(δ15N and δ13C) of individual Lake Trout.
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Figure 7. Probabilistic 95% niche regions (dotted ellipses) from estimates of δ15N and δ34S for
two size classes of Lean (yellow) and Siscowet (Blue) Lake Trout sampled during summer of
2019–2020 from six ecoregions of Lake Superior. Data points represent the isotope signature
(δ15N and δ34S) of individual Lake Trout.
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Figure 8. Fitted (solid lines) Von Bertalanffy growth models of total length and estimated age of
Lean (Yellow) and Siscowet (Blue) Lake Trout sampled during summer of 2019–2020 from six
ecoregions of Lake Superior. Circles represent individual estimates of length-at-age.
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TABLES
Table 1. Descriptions of management units, sampling agencies, available habitat, and depths
sampled for each of the six ecoregions of Lake Superior investigated in this study.
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Table 2. Sample sizes of two length classes of Lean and Siscowet Lake Trout captured for gut
content analysis during summer of 2019–2020 from six ecoregions of Lake Superior.
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Table 3. Diet item categories for Lean and Siscowet Lake Trout sampled during spring and
summer of 2019–2020 from six ecoregions of Lake Superior.
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Table 4. Percent composition of Lean (blue) and Siscowet (yellow) Lake Trout captured from
20-meter depth bins during summer of 2019–2020 from six ecoregions of Lake Superior.
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Table 5. AIC model selection table for generalized linear mixed models used to explain
Variation in Lake Trout CPUE across six ecoregions in Lake Superior. K = number of
parameters in model. Psuedo-R2 represents the proportion of variance explained by fixed effects
in the GLMM model.
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Table 6. Schoener’s Index of diet similarity between two size classes of Lean and Siscowet Lake
Trout sampled during summer of 2019–2020 from six ecoregions of Lake Superior. A D-value of
0.6 represents the threshold after which diets are considered significantly similar.
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Table 7. Pairwise overlap probabilities of two size classes of Lean and Siscowet Lake Trout
sampled during summer of 2019–2020 from six ecoregions of Lake Superior. Values in the “LT
in FT” column represent the likelihood that any given Lean Lake Trout lies within the 95% niche
region of Siscowet Lake Trout. Values in the “FT in LT” column represent the likelihood that
any given Siscowet Lake Trout lies within the 95% niche region of Lean Lake Trout.
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Table 8. Parameter estimates of fitted Von Bertalanffy growth models for Lean and Siscowet
Lake Trout sampled during summer of 2020–2021 from six ecoregions of Lake Superior. L∞ is
the estimate of length (mm) at age-∞. K is estimate of the Brody Growth Coefficient, and t0 is the
estimate of the length (mm) at age-0.
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Table 9. AIC values for 8 candidate Von Bertalanffy growth models, the most complex of which
estimates a unique t0, K, and L∞ parameter for each ecotype, 6 subset models which estimate one
or two unique parameters for each ecotype and a null model which assumes that Lake Trout
share a common t0, K, and L∞ parameter. Numbers in parentheses indicate the degrees of
freedom for the given model. Bold AIC values represent the most parsimonious model of a given
ecoregion.
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CHAPTER 2: TRIMMING THE FAT: CONSIDERATIONS FOR THE APPLICATION
OF STABLE ISOTOPE NICHE MODELS TO A GENERALIST PREDATOR
SALVELINUS NAMAYCUSH

INTRODUCTION
Stable isotope analysis has emerged as a valuable tool for examining the structure and
dynamics of food webs (Layman et al., 2012). With recent advances in technology and resultant
reductions in cost, the application of stable isotope analysis to ecological questions has grown
into a common practice in aquatic and terrestrial ecosystems (Michener and Lajtha, 2008). Stable
isotope ratios are particularly useful as they provide time‐ and space‐integrated insights into
trophic relationships among organisms, and can be used to develop models of trophic structure
(Layman et al., 2012), elucidate movement patterns (Rubenstein & Hobson 2004), assess fluxes
of organic matter (Thronton and McManus, 1994), and reconstruct diets (Post 2002).
Stable isotope ratios in consumers integrate two main sources of variation: the
fractionation of isotopes during assimilation and the isotopic composition of prey that are
consumed (Peterson and Fry, 1987). The ratio of 14N to 15N (δ15N) fractionates predictably
(3.4‰) during trophic transfer, and provides a measure of trophic position (Vander Zanden et al.,
1999). Ratios of 12C to 13C (δ13C) differ considerably among primary producers, yet they
fractionate minimally (0.1-1‰) across trophic levels. Thus, δ13C provides information on the
base of production in the food web (Peterson and Fry 1987). Moreover, stable isotope ratios of
carbon can discriminate between benthic and pelagic energy sources in large lake systems
(Hecky and Hesslein 1995; Sierszen et al., 2014). Carbon and nitrogen isotopes, when applied
jointly, can provide key information to reveal energy pathways and food web structure. Although
stable isotope ratios of sulfur δ34S are commonly used to distinguish marine and freshwater
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energy sources (Croisetière et al., 2009), δ34S can also be used to distinguish sedimentary detritus
(profundal) and phytoplankton (pelagic) production (Hesslein et al., 1993; Swanson et al., 2011).
The concept of the niche, as the set of environmental conditions under which a species
can exist indefinitely has been a useful framework to understand community structure in food
webs (Hutchinson, 1957). In trophic studies, it is beneficial to investigate niches through the
perspective of resource use (Soberón 2007). While only a portion of the fundamental niche, the
trophic niche that a given species occupies can provide key perspectives on food web stability
(McMeans et al., 2016), predator-prey relationships (Whitinger et al., 2020), and resource
limitation (Otte et al. 2021) that can help guide decisions about fishery management and
environmental conservation (Pilger et al., 2010). Recently, methods have been developed that
use stable isotopes to quantify an organism’s trophic niche (Jackson et al., 2008; Swanson et al.,
2015). These methods expand upon the traditional stable isotope bi-plot by calculating the area
in which 95% of the stable isotope measurements for a randomly chosen individual from a
population are observed (Swanson et al., 2015). From these niche areas, it is possible to calculate
the probability of isotopic overlap, a bidirectional value defined as the probability of a species
falling within the niche region of another (Swanson et al. 2015). Niche overlap is a bidirectional
value, meaning that the probability of species A overlapping with species B may be different
from the probability of species B overlapping with species A (Swanson et al., 2015). These
approaches rely upon using stable isotope variance to conceptualize the realized niche, which is
beneficial as it allows direct comparison amongst individuals, populations and species (Vander
Zanden et al., 2010; Briers et al., 2013; Gerig et al., 2019), combines information on richness and
evenness of dietary composition (Zimmerman et al., 2009; Vasquez et al., 2021), and allows for
the temporal integration of dietary information over different time-scales (Whitinger et al., 2020;
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Turschak et al. 2021). Niche parameters are highly responsive to changes in intra- and
interspecific competition (Vander Zanden 1999; Parent et al., 2014) as well as prey abundance
(Bonesi et al., 2004; Gulka et al., 2017) and ontogenetic shifts (Ramos and Gonzalez-Solis,
2012; Gerig et al., 2018).
Stable isotopes signatures have been determined for a diversity of animal tissue including
liver (Perga & Gerdeaux 2005; Stockwell et al., 2014), blood (MacNeil et al. 2006; Buchheister
& Latour 2010), scales (Perga and Gerdeaux 2003; Bašić et al. 2015), adipose tissue (McCarthy
and Waldron 2000; Robillard et al. 2011), fin ray (Whitinger et al., 2021), fin clips (Jardine et al.
2005; Robillard et al., 2011), gonads (Jardine et al. 2005), and eye lenses (Wallace et al. 2014;
Bell-Tilcock et al. 2021); although, the most widely used tissue type is muscle (Pinnegar and
Polunin 1999; Harvey & Kitchell, 2000; Gerig 2018). However, different tissue types exhibit
different rates of isotopic turnover (Heady and Moore, 2013). For instance, muscle tissue in fish
is thought to turn over every 3-6 months while liver turns over every 5-7 days (Jardine et al.,
2006; Stockwell et al., 2014). With different tissues representing diets, and by extension, niches,
at different time scales, analysis of several tissues may offer additional information on temporal
dynamics of niche occupancy and food web structure than would be available from a single
tissue (Jardine et al. 2006; Buchheister & Latour 2010; Davis et al. 2015).
The utility of stable isotope applications to questions of species niches and community
structure is subject to many assumptions (Gannes et al., 1997; Martínez del Rio et al., 2009;
Layman et al., 2012). First, we presume prey species must have different isotopic signatures as
they are the basis for isotopic differentiation in their predators (Gannes et al., 1997; Martínez del
Rio et al., 2009; Layman et al., 2012). Second, we assume that basal isotope signatures and prey
species diets must have little temporal variation. However, basal isotope signatures have been
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evidenced to shift over time (Underwood et al., 1997; Richoux & Ndhlovu, 2015) and temporal
variability in the diets of many organisms is well documented (Eloranta et al., 2010; Costalago et
al., 2012; McMeans et al., 2019). Third, we acknowledge that the isotopic composition of an
animal's tissues must equate the weighted average of the isotopic composition of its diet (Gannes
et al., 1997). However, it has been shown that even when fed identical diets, the isotopic
signatures of individuals differ (Macko et al., 1982, 1986; Hobson, 1995) in addition to the fact
that the assimilation and metabolic pathways that lead to fractionation differ among animals
(Jardine et al. 2004; Carleton and Martínez del Rio, 2005; Reich et al. 2008). Moreover, the
concept of “isotopic routing,” or the fact that the isotopes assimilated from the diet may be
allocated differently. This allows for differential isotopic routing whereby different tissues have
different isotopic composition as a result of differences in the biochemical makeup of their
tissues (Schwarcz, 1991; Kelly and Martínez del Rio, 2010; Wolf et al., 2015). This can lead to
discrepancies in the ability for the tissue of a given consumer to accurately reflect the true
isotopic composition of their diet. Lastly, different tissues express isotopic signatures over
different time periods and when selecting any given tissue, we assume the population’s true
niche expressible at such a timescale.
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GOALS AND OBJECTIVES
In this study, I apply multiple Bayesian Niche Overlap Models to two Lake Trout
populations in Lake Superior to examine the cost-benefit of incorporating additional tissues or
elements into the typical δ13C + δ15N stable isotope analysis. My first objective is to test if using
an additional tissue (Liver) offers a more holistic view of the niche through the expression of
isotopic information at a different timescale. I hypothesize that estimates of niche size for isotope
models from liver tissue will be significantly broader than those from muscle tissue as a function
of less averaging in the assimilation and expression of the diet for generalist predators such as
Lake Trout at short timescales.
My second objective is to test if the addition of a third isotope (δ34S) to the two-isotope
model brings increased precision worth the added cost of analysis. I hypothesize that δ34S will
aid in the delineation of energy pathways and provide vital information to distinguish the niches
of the two ecotypes. I anticipate that these additions will result in significant changes in the
interpretation of Lake Trout ecotype interactions.
My final objective is to develop a cost-benefit analysis to compare the additional
inference gained to the expected monetary cost of adding additional isotopes or tissues to an
analysis. I hypothesize that the most complex and costly model (2-tissue, 3-isotope) will provide
the greatest insight while the least complex model and least costly model (1-tissue; 2-istotope)
will offer lower precision. However, I do not anticipate the addition of a tissue will be of
significant value as I do not expect the expression of a Lake Trout niches at shorter timescales to
increase the precision of niche estimates. In light of this, I expect that an intermediate model (1tissue; 3-isotope) will provide the greatest cost-benefit ratio.
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METHODS
Study Area and Species
Lake Superior is the largest freshwater lake in the world by area and has a maximum
depth of 406 m and an average depth of 147 m. Nearshore habitats (<150 m) are occupied by
several native whitefish species (Prosopium coulteri, Coregonus clupeaformis, Coregonus
artedi, and Coregonus hoyi), Rainbow Smelt (Osmerus mordax), Slimy Sculpin (Cottus
cognatus), Lean Lake Trout (Salvelinus namaycush namaycush) and Burbot (Lota lota).
Offshore regions and profundal zones (150–400 m) contain Deepwater Sculpin (Myoxocephalus
thompsonii), Kiyi (Coregonus kiyi) and Siscowet Lake Trout (Salvelinus namaycush siscowet).
The dominant macroinvertebrate taxa are Diporeia (Diporeia spp) and Mysis (Mysis diluviana).
They are distributed by depth with Diporea abundant in nearshore reaches at depths of 40–60 m
and Mysis dominant in depths of 100 m or more (Scharold, Lozano & Corry, 2004; Sierszen et
al., 2006).
In Lake Superior, at least four ecotypes of generally piscivorous Lake Trout co-occur
(Hansen et al. 1998; Hoffman 2017; Sitar et al. 2020; Vinson et al. 2020). Of the four officially
recognized Lake Trout ecotypes in Lake Superior, Lean and Siscowet are the most commonly
encountered forms (Bronte et al., 2003). Lean and Siscowet Lake Trout are distinguished based
upon morphology (e.g. head shape, fin size, eye location, and caudal peduncle girth) and lipid
content, both of which are thought to be adaptive traits related to differences in habitat use
(Moore and Bronte, 2001; Muir et al., 2014). Lean Lake Trout are characterized by a fusiform
body shape, small, laterally positioned eyes and low lipid content. They occupy nearshore areas
< 80 m deep (Muir et al., 2014) Conversely, Siscowet Lake Trout are characterized by a deepbody shape and high lipid content (Sitar et al. 2020). They occur most frequently in waters > 80
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m (Bronte et al., 2003; Ray et al., 2007; Sitar et al., 2008). Juvenile Lean and Siscowet Lake
Trout are benthic feeders that undergo ontogenetic niche shifts as they approach maturity (Dryer
et al., 1965; Madenjian et al., 2004; Zimmerman et al., 2009). As juveniles, Lean and Siscowet
occupy overlapping depth distributions and primarily feed on invertebrates such as Mysids,
making them more likely (than adults) to select similar habitats that maximize foraging
opportunities and minimize predation risk (Zimmerman et al., 2009; Otte et al., 2021).
Lake Trout were collected using a combination of passive and active sampling gear
including bottom set gill nets and Yankee bottom trawls in the summers of 2019 and 2020 in two
ecoregions of Lake Superior (Fig. 9). Nylon multifilament gill net gangs measured 457 m by 1.8
m with graded mesh sizes of 5.1, 5.7, 6.4, 7.0, 7.6, and 8.9 cm (Sitar 2017). Smaller size gill net
mesh selects for Lake Trout that are < 600 mm in total length (cf. Hansen et al., 2007). Based on
Sitar and He (2006) and data from summer Lake Trout surveys, greater than 50% of Lean and
Siscowet are reproductively mature between 550-600 mm. Thus, the described gill net sampling
was appropriate to capture juvenile Lake Trout across their ontogeny. Gill net sets were deployed
in two ecoregions of Lake Superior spanning the summer of 2019 and 2020 (Table 1). The two
regions sampled included the area west of the Keweenaw Peninsula (WK) and the waters
between Marquette and Munising, MI (MM; Fig. 9). These two ecoregions were selected
because they are spatially distinct and exhibit differences in Siscowet abundance and bathymetric
heterogeneity, which could affect trophic interactions with Lean Lake Trout (Benson and
Magnuson 1992, Stemberger et al. 2001). At each net set location, the mean depth of the net was
determined based upon 5 measurements collected while the net was deployed.
In an effort to increase sample sizes of small Lake Trout the USGS employed a #35 ¾
Yankee bottom trawl (11.9 m head rope, 15.5 m footrope, and 2.2 m wing height) with 89-mm,
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64-mm, and 13-mm stretch mesh at the mouth, trammel, and cod end during planned USGS
sampling. All trawl tows were done during daylight hours following USGS standardized
protocols. This targeted fish less than 200 mm to approximately 600 mm in length in an effort to
produce representation from ages 1 through 8 across my sampling extent.
Stable isotopes were used to estimate the degree of niche overlap between Lean and
Siscowet Lake Trout. The trophic position of Lean and Siscowet Lake Trout was ascertained
using stable isotopes of nitrogen (δ15N), carbon (δ13C), & sulfur (δ34S) from dorsal white muscle
and liver tissues. Niche overlap was quantified using Bayesian elliptical approaches (Swanson et
al., 2015). Tissue samples were oven dried at 60°C, homogenized, and individually encapsulated
in tin capsules prior to isotope analysis. Carbon, nitrogen, and sulfur stable isotope and C:N
ratios were measured for all Lake Trout samples using an Elemental Analyzer (Costech,
Valencia, CA) coupled to a Delta Plus Isotope Ratio Mass Spectrometer (Thermo Scientific,
Waltham, MA) located at the University of Waterloo stable isotope facility. Stable isotope ratios
of δ15N, δ13C, and δ34S were expressed as:

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝛿 15 𝑁, 𝛿 13 𝐶, 𝛿 34 𝑆 = (
− 1) 𝑥 1000
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

where, R is the ratio of δ15N to δ14N, δ13C to δ12C, or δ34S to δ32S. Data was be deemed
acceptable if the standard deviation of internal standards during the run were <0.25 per mil (‰).
Internal animal standards for δ13C and δ15N were from Whitetail Deer tissue and internal animal
standards for δ34S included bovine liver and mussel. All standards were under the acceptable
criteria. In addition, prior studies have noted that increased lipid content of tissue can lead to
depletion of δ13C resulting in biased inference related to trophic ecology of an organism (Post et
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al., 2007). Tissue C:N ratio is highly correlated to lipid content; samples with a C:N ratio > 4 had
δ13C corrected following Hoffman et al., (2015):

𝛿 13 𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛿 13 𝐶𝑏𝑢𝑙𝑘 − 𝑓𝑙𝑖𝑝𝑖𝑑 × ∆𝛿 13 𝐶𝑙𝑖𝑝𝑖𝑑
and
𝑓𝑙𝑖𝑝𝑖𝑑 = 1 −

𝐶: 𝑁𝑙𝑖𝑝𝑖𝑑 𝑓𝑟𝑒𝑒
𝐶: 𝑁𝑏𝑢𝑙𝑘

where, δ13Cbulk is the uncorrected carbon isotope ratio, ∆δ13Clipid is the change in tissue δ13C
before and after lipid correction, and flipid is the proportion of the sample that is lipid (cf.
Hoffman et al., 2015). Accounting for tissue lipid content is especially important when working
with Siscowet Lake Trout which can have tissue lipid content that exceeds 70% (Eschmeyer &
Phillips, 1965).

Statistical Analyses
Niche Area
I used the NicheRover (Swanson et al., 2015) package in R to describe the isotopic niche
patterns of Lake Trout ecotypes across ecoregions of Lake Superior. I fit the two-isotope models
from isotopes of δ13C and δ15N and three isotope models from δ13C, δ15N, δ34S for muscle and
liver tissues. Following the methods of Swanson et al. (2015), niche size was estimated by
resampling randomly selected pairs of δ13C, δ15N, and δ34S using an inverse Wishart prior to
generate a multidimensional niche region in multivariate space in a Bayesian framework. These
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estimates of niche size were fit to a general linear model in which tissue type, isotope number
and ecotype were treated as covariates. I used a one-way Analysis of Variance (ANOVA) to
determine significant differences in estimates of niche size from the different tissue and isotope
combination.

Niche Overlap
I estimated probability of niche overlap between ecotypes by resampling randomly
selected pairs of δ13C, δ15N, and δ34S using a Monte Carlo procedure with an inverse Wishart
prior (Swanson et al., 2015). The posterior distribution from the Monte Carlo was used to
estimate the probability that a randomly drawn Lean individual will be found within the niche of
Siscowet, and vice versa.

Model Costs
I calculated the costs of four stable isotope analyses (tissue = 1, 2; isotopes = 2, 3) based
on the true sample costs of stable isotope analysis at the Cornell University Stable Isotope
(https://cobsil.cornell.edu/submitasample/pricing/) and University of Waterloo Laboratories
(https://uwaterloo.ca/environmental-isotope-laboratory/pricing-turnaround-time-and-samplesubmission) at the date of publication (Grinding = $1.60; Encapsulation = $1.60, δ13C + δ15N
Analysis = $7.70, δ34S Analysis = $18 to $32). For 2-isotope analyses the total cost was
calculated as the number of samples (regardless of tissue type) times the cost of grinding,
encapsulation, and δ13C + δ15N analysis. As sulfur analyses are not typically done in tandem with
δ13C + δ15N analysis, grinding costs remained the same, but an additional encapsulation and
separate analysis costs were included so that the total project costs were calculated as the number
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of samples (regardless of tissue type) times the cost of grinding, encapsulation, and δ13C + δ15N
analysis plus an additional encapsulation charge and the cost of S-analysis.
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RESULTS
Niche size
Overall, Siscowet had broader niches than leans regardless of tissue type or region
sampled (Fig. 10) The difference between ecotype niche breadth was enhanced in liver models
where Siscowet niches were larger and lean niches were smaller relative to muscle estimates
(Fig. 10). The results of the ANOVA for both ecoregions strongly supported an interaction (WK:
F1,3996 = 1025.99, p < 2.2 e-16; MM: F1,3996 = 1390.37, p < 2.2 e-16) between ecotype and tissue
on estimates of niche breadth (Tbl. 11).
Niche Overlap
In both ecoregions, estimates indicated Leans occupied a large portion of the isotopic
niche of Siscowet (WK: 42-44%; MM: 87-96%). However, the niche of Siscowet was distinct
from that of Lean Lake Trout (WK: 30-34%; MM: 72-76%) overlap with Lean). My data also
identified distinct differences in overlap as a function of the tissue considered and location. In the
Western Keweenaw region, the probabilities of Siscowet occupying the Lean niche were greater
in the liver estimates (12-15%) relative to muscle (30-24%; Tbl. 12). However, overlap
probabilities for Lean Lake Trout within the Siscowet niche were similar between tissues (Liver:
39-43%; Muscle: 42-44%; Tbl. 12). In the Marquette-Munising region, pairwise overlap
probabilities in both directions were slightly lower in liver estimates relative to muscle (Tbl. 12).
In both ecoregions estimates of δ15N, were slightly enriched (~2‰) in muscle models relative to
liver counterparts (Fig. 11; Fig. 12). In addition, liver models exhibited slightly more variation
along the δ13C axis, particularly for the Siscowet ecotype (Fig. 11; Fig. 12).
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Model Costs
With 388 muscle samples, the δ13C + δ15N analysis cost $4,229.20 (Tbl. 13). The addition
of 422 liver samples increased the costs of δ13C + δ15N analysis to $8,829.00 (Tbl. 13). The
addition of δ34S analysis considerably increased project cost higher. For muscle samples alone,
project costs rose to $17,300.92 (Tbl. 13) and doubled to $36,117.90 with the inclusion of liver
(Tbl. 13).
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DISCUSSION
Influence of Tissue Type on Isotopic Niche Interpretation
Model estimates from liver and muscle tissues differed in terms of trophic position estimates,
niche size, and overlap probabilities for both ecoregions (Fig. 12; Tbl. 12). Overall, liver models
suggested greater levels of resource partitioning, greater variation in base of production for both
ecotypes, and lower trophic levels for both ecotypes relative to muscle models (Fig. 12; Tbl. 12).
Additionally, niches were larger in liver models (Fig. 10). At first glance, the differences
between muscle and liver indicate seasonal changes in the niches of the ecotypes, however, the
two tissue types integrate isotopic information over different timescales and thus impart their
own bias (Thomas and Crowther, 2015). The short time duration over which liver isotopes reflect
the diet allow the incorporation of more prey items into population niche estimates (Thomas and
Crowther, 2015). For this reason, liver (and other tissues with high isotopic turnover) better
represent the true niche breadth of the population. Muscle tissues integrate the diet over a longer
timescale and provide a more robust measure of functional, resource use (Thomas and Crowther,
2015).
Isotopic distributions of δ34S were similar among tissues, but muscle tissue had elevated δ15N
and δ13C relative to liver. The trend of δ13C in this study mirror the phenomenon of isotopic
routing predicted by Martinez del Rio & Wolf (2005) when they incorporated isotopic routing
into a mixing model for δ13C with the assumption that the carbon from dietary protein is routed
preferentially into tissue protein. Relative to muscle tissues, liver tissues have greater proportions
of fat, are more metabolically active, and have lower rates of synthesis making them less likely
to be the destination for routed dietary protein (Buchheister and Latour, 2010, Carleton and Del
Rio, 2010, Mont'Alverne et al., 2016). Dietary protein is the primary source of δ15N in
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consumers and increases in the protein content of diets have been shown to increase δ15N
signatures (Kelly and Martínez del Rio, 2010). As such, it is conceivable that the routing of
nitrogen may reflect that of carbon from dietary protein, however, this assumption has not been
tested.
As isotopic routing raises issues that can complicate between-tissue comparisons, selection of
tissue types should be dependent upon study objectives and experimental design considerations
(Schwarcz, 1991; Kelly and Martínez del Rio, 2010; Wolf et al., 2015). Liver is better suited to
studies that have multiple sampling events over a designed temporal period that are interested in
short-term niche shifts or examining niche breadth (Perga & Gerdeaux 2005; Stockwell et al.,
2014). Muscle is advantageous for studies with a single sampling period and investigations of
functional resource use (Gerig et al., 2018; Whitinger et al., 2020).
In addition to isotopic routing, the underlying diet-to-tissue isotope fractionation can vary
between species, diets, and tissues (DeNiro and Epstein, 1978; Bloomfield et al., 2011; Wolf et
al., 2015), and can also be subject to physiological and structural characteristics inherent in the
tissues themselves (Buchheister and Latour, 2010; Carleton and Del Rio, 2010; Mont'Alverne et
al., 2016). Temperature may also affect rates of assimilation through metabolic consequences
(Bloomfield et al., 2011; Thomas and Crowther, 2015). As such, I was unable to imply any
temporal changes in Lake Trout niches based on differences between estimates from muscle and
liver.
Precision of Two- versus Three-Isotope Models
The niche of Siscowet encompassed much of the Lean niche, but also included niche
space not occupied by leans, implying Siscowet use resources that are outside of the isotopic
niche of Lean Lake Trout (Fig. 11; Tbl. 12). In the WK region, niche separation was driven by
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δ15N and trends in overlap probabilities were similar for two- and three-isotope models.
However, based upon the three-isotope model for the MM region the niche overlap between
Lean and Siscowet declined by 9%, the only case where the three-isotope model resulted in
isotopic niche separation relative to the two-isotope. These findings suggest Siscowet not only
feed deeper as inferred by δ15N enrichment (Sierszen et al. 2006), but also benthiclly, as
confirmed by a detailed diet study reporting that Siscowets source energy from benthic sources
such as Sculpin and Burbot whereas Leans feed strictly on pelagic prey (Otte et al. 2021, Ch. 1).
However, this trend was not present in WK where niche overlap probabilities did not change
substantially with the addition of δ34S (Fig. 11; Tbl. 12). Regional differences in Siscowet niches
may be attributed regional variation in forage. Specifically, Siscowet diets in MM are a primarily
composed of benthic prey items including Burbot and Sculpin, whereas WK Siscowet diets are
dominated by pelagic fish such as Coregonines. (Otte 2021, Ch. 1). Additionally, the abundance
of Lean Lake Trout in WK is low relative to MM which may alleviate competitive pressure for
pelagic prey items in WK and not MM (Sitar 2017). Lastly, both of these factors may interact
with the regional differences in the physical habitat, most notably, the steep depth gradient of
WK (Tbl. 10). Typically, δ13C can be used to differentiate between benthic and pelagic feeding
as benthic sources of carbon tend to be enriched in δ13C relative to pelagic ones (Hecky and
Hesslein 1995; Sierszen et al. 2006). However, in Lake Superior the benthic pathway is
supported by sedimented phytoplankton which would share the same carbon signature as the
pelagic pathway (Croisetiere et al. 2009; Sierszen et al. 2006).
Cost-Benefit
The addition multiple tissues and isotopes to trophic ecology studies has been shown to
increase accuracy and precision of isotopic niche determination (Michener and Lajtha 2008).
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However, it is important to consider the cost and benefits of having additional tissues or isotopes
and apply them on a case by case basis (Wolf et al. 2009; Thomas and Crowther, 2015). In this
case study, the model with the best cost-benefit ratio had one tissue and three isotopes. While the
addition of liver tissue did suggest there was no seasonal shift in Lake Trout diets, which may
have attributed to the general, opportunistic nature of Lake Trout diets resulting in a broader
niche with less temporal variation. However, isotopic routing may undermine direct comparisons
between the tissues.
In the case of the δ34S analyses, simple food webs, like that of Lake Superior, increase the
difficulty of differentiating resource use with a δ13C approach as a result of similar δ13C ratios
among prey. In such cases, the addition of a third isotope can increase the precision of niche
estimates and provide vital insight in distinguishing between benthic and pelagic energy sources.
While the addition of a third isotope was beneficial in this case study, a simple two-isotope
model could suffice for investigations centered on specialist species with confined niches that
live in environments with better separation of δ13C between sources of production (Gerig et al.,
2018; Whitinger et al., 2020).
Conclusion
With the development of plug-and-play R-packages and the continually increasing body
of literature, the field of stable isotope ecology has become more and more accessible to the
general ecologist. While advances in mass-spectrometry technology have reduced sample costs,
studies are still rather expensive and generally backed by large grants. When using public funds,
we should think critically about how money spent relates to information gained and apply tissue
and isotope combinations on a case-by-case basis.
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FIGURES

Figure 9. Map of Lake Superior including the two ecoregions sampled for this study in summer
of 2019 and 2020: Western Keweenaw Peninsula (WK; teal) and Marquette-Munising (MM;
light green). Overlaid grey lines indicate traditional Trout management units of Lake Superior.
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Figure 10. Box plots of the 95% probabilistic niche size from muscle and liver tissues of Lean
(yellow) and Siscowet (blue) Lake Trout ecotypes sampled from two ecoregions of Lake
Superior from 3-isotope models.
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Figure 11. Probabilistic 95% niche regions (ellipses) for estimates of δ15N vs. δ13C and δ15N vs.
δ34S muscle and liver tissues of Lean (yellow) and Siscowet (blue) Lake Trout ecotypes sampled
from two ecoregions of Lake Superior. Data points represent the isotope signature of individual
Lake Trout.
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Figure 12. Density ridge plots of the distribution of isotopic values of d13C, d15N, and d34S
from muscle and liver tissues of Lean (yellow) and Siscowet (blue) Lake Trout ecotypes sampled
from two ecoregions of Lake Superior.

66

TABLES
Table 10. Descriptions of management units, sampling agencies, available habitat, and depths
sampled for the two ecoregions of Lake Superior investigated in this study.
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Table 11. Results of the Analysis of Variance comparing estimates of the 95% probabilistic
niche size from liver and muscle tissues of Lean (yellow) and Siscowet (blue) Lake Trout
ecotypes collected from two ecoregions of Lake Superior.

68

Table 12. Pairwise overlap probabilities for 2- and 3-isotope models estimated liver and muscle
tissues of Lean and Siscowet Lake Trout sampled from two ecoregions of Lake Superior. Values
in the “LT in FT” column represent the likelihood that any given Lean Lake Trout lies within the
95% probabilistic niche region of Siscowet Lake Trout. Values in the “FT in LT” column
represent the likelihood that any given Siscowet Lake Trout lies within the 95% probabilistic
niche region of Lean Lake Trout.
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Table 13. Comparative matrix of the four iterations of stable isotope analyses run in this
investigation with consequent costs and conclusions for each.

70

WORKS CITED

Amundsen, P.-A., Knudsen, R., Klemetsen, A., 2007. Intraspecific competition and density
dependence of food consumption and growth in Arctic charr. J. Anim. Ecol. 76, 149–158.
https://doi.org/10.1111/j.1365-2656.2006.01179.x
Baillie, S.M., Muir, A.M., Scribner, K., Bentzen, P., Krueger, C.C., 2016. Loss of genetic
diversity and reduction of genetic distance among lake trout Salvelinus namaycush
ecomorphs, Lake Superior 1959 to 2013. J. Great Lakes Res. 42, 204–216.
https://doi.org/10.1016/J.JGLR.2016.02.001
Bašić, T., Britton, J.R., 2015. Utility of fish scales from stock assessment surveys in stable
isotope analysis for initial assessments of trophic relationships in riverine fish communities.
J. Appl. Ichthyol. 31, 296–300. https://doi.org/10.1111/JAI.12671
Barton, K. (2012). R Package ‘MuMIn’: Multi-model inference. https://cran.rproject.org/web/packages/MuMIn/MuMIn.pdf
Belem, A.L., n.d. Application of Organic Carbon and Nitrogen Stable Isotope and C/N Ratios as
Source Indicators of Organic Matter.
Bell-Tilcock, M., Jeffres, C.A., Rypel, A.L., Sommer, T.R., Katz, J.V.E., Whitman, G., Johnson,
R.C., 2021. Advancing diet reconstruction in fish eye lenses. Methods Ecol. Evol. 12, 449–
457. https://doi.org/10.1111/2041-210X.13543
Benson, B.J., Magnuson, J.J., 2011. Spatial Heterogeneity of Littoral Fish Assemblages in
Lakes: Relation to Species Diversity and Habitat Structure. https://doi.org/10.1139/f92-165
49, 1493–1500. https://doi.org/10.1139/F92-165
Blankenheim, J., 2018. Minnesota Statewide Fisheries Lake and Stream Management Planning
F17AF00190 R29G60F29RP33 Segment 33, Year 1 Study 2 Minnesota Department of
Natural Resources Division of Fish and Wildlife Section of Fisheries Completion Report for
the Minnesota Waters of Lake Superior 2017.
Bloomfield, A.L., Elsdon, T.S., Walther, B.D., Gier, E.J., Gillanders, B.M., 2011. Temperature
and diet affect carbon and nitrogen isotopes of fish muscle: can amino acid nitrogen
isotopes explain effects? J. Exp. Mar. Bio. Ecol. 399, 48–59.
https://doi.org/10.1016/J.JEMBE.2011.01.015
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., White,
J.S.S., 2009. Generalized linear mixed models: a practical guide for ecology and evolution.
Trends Ecol. Evol. 24, 127–135. https://doi.org/10.1016/J.TREE.2008.10.008

71

Bonesi, L., Chanin, P., Macdonald, D.W., 2004. Competition between Eurasian otter Lutra lutra
and American mink Mustela vison probed by niche shift. Oikos 106, 19–26.
https://doi.org/10.1111/J.0030-1299.2004.12763.X
Briers, R.A., Waterman, J.O., Galt, K., Campbell, R.N.B., 2013. Population differentiation and
temporal changes of carotenoid pigments and stable isotope ratios in the offspring of
anadromous and non-anadromous trout Salmo trutta. Ecol. Freshw. Fish 22, 137–144.
https://doi.org/10.1111/EFF.12011
Bronte, C.R., Sitar, S.P., 2008. Harvest and Relative Abundance of Siscowet Lake Trout in
Michigan Waters of Lake Superior, 1929-1961. Trans. Am. Fish. Soc. 137, 916–926.
https://doi.org/10.1577/T07-096.1
Bronte, C.R., Ebener, M.P., Schreiner, D.R., DeVault, D.S., Petzold, M.M., Jensen, D.A.,
Richards, Carl, Lozano, S.J., Petzold, S.M., Jensen, D., Richards, C, Lozano, S., 2003.
Minnesota Department of Natural Resources, Lake Superior Area Fisheries Program, 5351
North Shore Drive. Ecol. Serv. 60, 18–20. https://doi.org/10.1139/F03-136
Buchheister, A.B., Latour, R.J.L.J., 2010. Turnover and fractionation of carbon and nitrogen
stable isotopes in tissues of a migratory coastal predator, summer flounder (Paralichthys
dentatus). https://doi.org/10.1139/F09-196 67, 445–461. https://doi.org/10.1139/F09-196
Cachera, M., Ernande, B., Villanueva, M.C., Lefebvre, S., 2017. Individual diet variation in a
marine fish assemblage: Optimal Foraging Theory, Niche Variation Hypothesis and
functional identity. J. Sea Res. 120, 60–71. https://doi.org/10.1016/J.SEARES.2016.08.004
Campana, S.E., Thorrold, S.R., 2011. Otoliths, increments, and elements: keys to a
comprehensive understanding of fish populations? https://doi.org/10.1139/f00-177 58, 30–
38. https://doi.org/10.1139/F00-177
Carl, D.D., 2019. Wisconsin DNR Lake Superior Spring Lake Trout Assessment Report 2019.
Carl, D.D., 2019. WDNR Lake Superior (WI-1) Summer Assessment Report 2019 Wisconsin
DNR Lake Superior Fisheries Management.
Carleton, S.A., Carlos, A.E., Martı´nez, M., Rio, D., n.d. ECOPHYSIOLOGY The effect of
cold-induced increased metabolic rate on the rate of 13 C and 15 N incorporation in house
sparrows (Passer domesticus). https://doi.org/10.1007/s00442-005-0066-8
Carpenter, G.F., Mansey, E.L., Watson, N.H.F., 2011. Abundance and Life History of Mysis
relicta in the St. Lawrence Great Lakes. https://doi.org/10.1139/f74-051 31, 319–325.
https://doi.org/10.1139/F74-051
Chavarie, L., Howland, K., Venturelli, P., Kissinger, B.C., Tallman, R., Tonn, W., 2016. Lifehistory variation among four shallow-water morphotypes of lake trout from Great Bear

72

Lake, Canada. J. Great Lakes Res. 42, 193–203.
https://doi.org/10.1016/J.JGLR.2015.07.006
Christie, W.J., 2011. Changes in the Fish Species Composition of the Great Lakes.
https://doi.org/10.1139/f74-104 31, 827–854. https://doi.org/10.1139/F74-104
Conner, D.J., Bronte, C.R., Selgeby, J.H., Collins, H.L., 1993. FOOD OF SALMONINE
PREDATORS IN LAKE SUPERIOR, 1981-87 1.
Costalago, D., Navarro, J., Álvarez-Calleja, I., Palomera, I., 2012. Ontogenetic and seasonal
changes in the feeding habits and trophic levels of two small pelagic fish species. Mar. Ecol.
Prog. Ser. 460, 169–181. https://doi.org/10.3354/MEPS09751
Croisetire, L., Hare, L., Tessier, A., Cavana, G., 2009. Sulphur stable isotopes can distinguish
trophic dependence on sediments and plankton in boreal lakes. Freshw. Biol. 54, 1006–
1015. https://doi.org/10.1111/J.1365-2427.2008.02147.X
Davis, J.P., Pitt, K.A., Fry, B., Connolly, R.M., 2015. Stable isotopes as tracers of residency for
fish on inshore coral reefs. Estuar. Coast. Shelf Sci. 167, 368–376.
https://doi.org/10.1016/J.ECSS.2015.10.013
DeNiro, M.J., Epstein, S., 1978. Influence of diet on the distribution of carbon isotopes in
animals. Geochim. Cosmochim. Acta 42, 495–506. https://doi.org/10.1016/00167037(78)90199-0
Dryer, W.A., Erkkila, L.F., Tetzloff, C.L., n.d. Food of Lake Trout in Lake Superior Bureau o/
Commercial Fisheries, Ann Arbor, Michigan. https://doi.org/10.1577/15488659(1965)94[169:FOLTIL]2.0.CO;2
Ecology, D.P.-, 2002, undefined, n.d. Using stable isotopes to estimate trophic position: models,
methods, and assumptions. Wiley Online Libr.
Eloranta, A.P., Kahilainen, K.K., Jones, R.I., 2010. Seasonal and ontogenetic shifts in the diet of
Arctic charr Salvelinus alpinus in a subarctic lake. J. Fish Biol. 77, 80–97.
https://doi.org/10.1111/J.1095-8649.2010.02656.X
Eschmeyer, P.H. and Arthur P.M., 1965. Fat content of the flesh of siscowets and lake trout from
Lake Superior. Transactions of the American Fisheries Society. 94.1, 62-74.
Eshenroder, R.L., 2007. Differentiation of deep-water lake charr Salvelinus namaycush in North
American lakes. Environ. Biol. Fishes 2007 831 83, 77–90. https://doi.org/10.1007/S10641-0079265-Y
Gamble, A.E., Hrabik, T.R., Stockwell, J.D., Yule, D.L., 2011. Trophic connections in Lake
Superior Part I: The offshore fish community. J. Great Lakes Res. 37, 541–549.
https://doi.org/10.1016/J.JGLR.2011.06.003
73

Gamble, A.E., Hrabik, T.R., Yule, D.L., Stockwell, J.D., 2011. Trophic connections in Lake
Superior Part II: The nearshore fish community. J. Great Lakes Res. 37, 550–560.
https://doi.org/10.1016/J.JGLR.2011.06.008
Gerig, B.S., Chaloner, D.T., Cullen, S.A., Greil, R., Kapucinski, K., Moerke, A.H., Lamberti,
G.A., 2019. Trophic ecology of salmonine predators in northern Lake Huron with emphasis
on Atlantic salmon (Salmo salar). J. Great Lakes Res. 45, 160–166.
https://doi.org/10.1016/J.JGLR.2018.11.003
Gerig, B.S., Chaloner, D.T., Janetski, D.J., Moerke, A.H., Rediske, R.R., O’Keefe, J.P., Pitts,
D.A. de A., Lamberti, G.A., 2018. Environmental context and contaminant biotransport by
Pacific salmon interact to mediate the bioaccumulation of contaminants by stream-resident
fish. J. Appl. Ecol. 55, 1846–1859. https://doi.org/10.1111/1365-2664.13123
Goodier, J.L., 1981. Native lake trout (Salvelinus namaycush) stocks in the Canadian waters of
Lake Superior Prior to 19551. Can. J. Fish. Aquat. Sci. 38, 1724–1737.
https://doi.org/10.1139/F81-221
Gorman, O.T., Yule, D.L., Stockwell, J.D., 2012. Aquatic Ecosystem Health & Management.
Aquat. Ecosyst. Heal. Manag. 15, 332–353. https://doi.org/10.1080/14634988.2012.715972
Gulka, J., Carvalho, P.C., Jenkins, E., Johnson, K., Maynard, L., Davoren, G.K., 2017. Dietary
Niche Shifts of Multiple Marine Predators under Varying Prey Availability on the Northeast
Newfoundland Coast. Front. Mar. Sci. 0, 324. https://doi.org/10.3389/FMARS.2017.00324
Hansen, M., n.d. Lake Trout (Salvelinus namaycush) Populations in Lake Superior and Their
Restoration in 1959-1993 Cite this paper.
Harvey, C.J., Kitchell, J.F., 2000. A stable isotope evaluation of the structure and spatial
heterogeneity of a Lake Superior food web. Can. J. Fish. Aquat. Sci 57, 1395–1403.
Harvey, C.J., Schram, S.T., Kitchell, J.F., 2003. Trophic Relationships among Lean and
Siscowet Lake Trout in Lake Superior; Trophic Relationships among Lean and Siscowet
Lake Trout in Lake Superior. Trans. Am. Fish. Soc. 132, 219–228.
https://doi.org/10.1577/1548-8659(2003)132<0219:TRALAS>2.0.CO;2
Hecky, R.E., Hesslein, R.H., 2015. Contributions of Benthic Algae to Lake Food Webs as
Revealed by Stable Isotope Analysis. https://doi.org/10.2307/1467546 14, 631–653.
https://doi.org/10.2307/1467546
Hecky, R.E. and Hesslein, R.H., 1995. Contributions of benthic algae to lake food webs as
revealed by stable isotope analysis. Journal of the North American Benthological Society,
14(4), pp.631-653.
Hesslein, R.H., Hallard, K.A., Ramlal, P., 2011. Replacement of Sulfur, Carbon, and Nitrogen in
Tissue of Growing Broad Whitefish (Coregonus nasus) in Response to a Change in Diet
74

Traced by δ34S, δ13C, and δ15N. https://doi.org/10.1139/f93-230 50, 2071–2076.
https://doi.org/10.1139/F93-230
Hobson, K.A., 1995. Reconstructing Avian Diets Using Stable-Carbon and Nitrogen Isotope
Analysis of Egg Components: Patterns of Isotopic Fractionation and Turnover. Condor 97,
752–762. https://doi.org/10.2307/1369183
Hoffman, J.C., Sierszen, M.E., Cotter, A.M., 2015. Fish tissue lipid-C:N relationships for
correcting δ13C values and estimating lipid content in aquatic food-web studies. Rapid
Commun. Mass Spectrom. 29, 2069–2077. https://doi.org/10.1002/RCM.7367
Hoffmann, J.M., 2017. Investigating trophic ecology and dietary niche overlap among morphs of
Lake Trout in Lake Superior.
Hutchinson GE, 1957.Concluding Remarks. Cold Spring Harbor Symposia on Quantitative
Biology, 22:415- 422
Hrabik, T.R., Jensen, O.P., Martell, S.J.D., Walters, C.J., Kitchell, J.F., 2011. Diel vertical
migration in the Lake Superior pelagic community. I. Changes in vertical migration of
coregonids in response to varying predation risk. https://doi.org/10.1139/f06-124 63, 2286–
2295. https://doi.org/10.1139/F06-124
Jackson, A.L., Inger, R., Parnell, A.C., Bearhop, S., 2011. Comparing isotopic niche widths
among and within communities: SIBER – Stable Isotope Bayesian Ellipses in R. J. Anim.
Ecol. 80, 595–602. https://doi.org/10.1111/J.1365-2656.2011.01806.X
Jardine, T.D., Gray, M.A., McWilliam, S.M., Cunjak, R.A., 2011. Stable Isotope Variability in
Tissues of Temperate Stream Fishes. Chang. Publ. Wiley 134, 1103–1110.
https://doi.org/10.1577/T04-124.1
Jardine, T.D., Kidd, K.A. and Fisk, A.T., 2006. Applications, considerations, and sources of
uncertainty when using stable isotope analysis in ecotoxicology. Environmental Science &
Technology. 40,7501-7511. https://doi.org/10.1021/es061263h
Jardine, T.D., MacLatchy, D.L., Fairchild, W.L., Cunjak, R.A., Brown, S.B., 2004. Rapid
Carbon Turnover During Growth of Atlantic Salmon (Salmo salar) Smolts in Sea Water,
and Evidence for Reduced Food Consumption by Growth-Stunts. Hydrobiol. 2004 5271
527, 63–75. https://doi.org/10.1023/B:HYDR.0000043182.56244.F6
Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends Ecol. Evol.
19, 101–108. https://doi.org/10.1016/J.TREE.2003.10.013
Jude, D.J., Rudstam, L.G., Holda, T.J., Watkins, J.M., Euclide, P.T., Balcer, M.D., 2018. Trends
in Mysis diluviana abundance in the Great Lakes, 2006–2016. J. Great Lakes Res. 44, 590–
599. https://doi.org/10.1016/J.JGLR.2018.04.006

75

Kelly, L.J., Rio, C.M. del, 2015. The Fate of Carbon in Growing Fish: An Experimental Study of
Isotopic Routing. https://doi.org/10.1086/649628 83, 473–480.
https://doi.org/10.1086/649628
Layman, C.A., Araujo, M.S., Boucek, R., Hammerschlag-Peyer, C.M., Harrison, E., Jud, Z.R.,
Matich, P., Rosenblatt, A.E., Vaudo, J.J., Yeager, L.A., Post, D.M., Bearhop, S., 2012.
Applying stable isotopes to examine food-web structure: an overview of analytical tools.
Biol. Rev. 87, 545–562. https://doi.org/10.1111/J.1469-185X.2011.00208.X
Macko, S.A., Estep, M.L.F., Engel, M.H., Hare, P.E., 1986. Kinetic fractionation of stable
nitrogen isotopes during amino acid transamination. Geochim. Cosmochim. Acta 50, 2143–
2146. https://doi.org/10.1016/0016-7037(86)90068-2
Macko, S.A., Wen Yuh Lee, Parker, P.L., 1982. Nitrogen and carbon isotope fractionation by
two species of marine amphipods: Laboratory and field studies. J. Exp. Mar. Bio. Ecol. 63,
145–149. https://doi.org/10.1016/0022-0981(82)90028-4
Macneil, M.A., Drouillard, K.G., Fisk, A.T., 2006. Variable uptake and elimination of stable
nitrogen isotopes between tissues in fish. https://doi.org/10.1139/F05-219
Madenjian, C.P., Desorcie, T.J., McClain, J.R., Woldt, A.P., Holuszko, J.D., Bowen, C.A., 2004.
Status of Lake Trout Rehabilitation on Six Fathom Bank and Yankee Reef in Lake Huron.
North Am. J. Fish. Manag. 24, 1003–1016. https://doi.org/10.1577/M03-140.1
Matthias, B.G., Hrabik, T.R., Hoffman, J.C., Gorman, O., Seider, M.J., Sierszen, M.E., Vinson,
M., Yule, D., Yurista, P.M., 2021. State of Lake Superior ecosystem in 2017.
McMeans, B.C., Kadoya, T., Pool, T.K., Holtgrieve, G.W., Lek, S., Kong, H., Winemiller, K.,
Elliott, V., Rooney, N., Laffaille, P., McCann, K.S., 2019. Consumer trophic positions
respond variably to seasonally fluctuating environments. Ecology 100, e02570.
https://doi.org/10.1002/ECY.2570
McMeans, B.C., McCann, K.S., Tunney, T.D., Fisk, A.T., Muir, A.M., Lester, N., Shuter, B.,
Rooney, N., 2016. The adaptive capacity of lake food webs: from individuals to ecosystems.
Ecol. Monogr. 86, 4–19. https://doi.org/10.1890/15-0288.1
Michener, R., Lajtha, K., 2008. Stable isotopes in ecology and environmental science.
Michener, R., Kendall, C., n.d. Stable Isotopes in Ecology and Environmental Science.
Mont’Alverne, R., Jardine, T.D., Pereyra, P.E.R., Oliveira, M.C.L.M., Medeiros, R.S., Sampaio,
L.A., Tesser, M.B., Garcia, A.M., 2016. Elemental turnover rates and isotopic
discrimination in a euryhaline fish reared under different salinities: Implications for
movement studies. J. Exp. Mar. Bio. Ecol. 480, 36–44.
https://doi.org/10.1016/J.JEMBE.2016.03.021

76

Moody, E.K., Weidel, B.C., Ahrenstorff, T.D., Mattes, W.P., Kitchell, J.F., 2011. Evaluating the
growth potential of sea lampreys (Petromyzon marinus) feeding on siscowet lake trout
(Salvelinus namaycush) in Lake Superior. J. Great Lakes Res. 37, 343–348.
https://doi.org/10.1016/J.JGLR.2011.01.007
Moore, S.A., Bronte, C.R., 2001. Delineation of Sympatric Morphotypes of Lake Trout in Lake
Superior; Delineation of Sympatric Morphotypes of Lake Trout in Lake Superior. Trans.
Am. Fish. Soc. 130, 1233–1240. https://doi.org/10.1577/15488659(2001)130<1233:DOSMOL>2.0.CO;2
Muir, A.M., Bronte, C.R., Zimmerman, M.S., Quinlan, H.R., Glase, J.D., Krueger, C.C., 2014.
Transactions of the American Fisheries Society Ecomorphological Diversity of Lake Trout
at Isle Royale, Lake Superior. https://doi.org/10.1080/00028487.2014.900823
Omara, M., Crimmins, B.S., Back, R.C., Hopke, P.K., Chang, F.C., Holsen, T.M., 2015.
Mercury biomagnification and contemporary food web dynamics in lakes Superior and
Huron. J. Great Lakes Res. 41, 473–483. https://doi.org/10.1016/J.JGLR.2015.02.005
Parent, C.E., Agashe, D., Bolnick, D.I., 2014. Intraspecific competition reduces niche width in
experimental populations. Ecol. Evol. 4, 3978–3990. https://doi.org/10.1002/ECE3.1254
PARNELL, A, 2008. SIAR : stable isotope analysis in R. http://cran.rproject.org/web/packages/siar/index.html.
Perga, M.E., Gerdeaux, A.D., n.d. STABLE ISOTOPES ISSUE “Are fish what they eat” all year
round? https://doi.org/10.1007/s00442-005-0069-5
Perga, M.E., Gerdeaux, D., 2003. Using the δ13C and δ15N of whitefish scales for retrospective
ecological studies: changes in isotope signatures during the restoration of Lake Geneva,
1980–2001. J. Fish Biol. 63, 1197–1207. https://doi.org/10.1046/J.1095-8649.2003.00239.X
Peterson, B.J., Fry, B., 2003. Stable Isotopes in Ecosystem Studies.
https://doi.org/10.1146/annurev.es.18.110187.001453 293–320.
https://doi.org/10.1146/ANNUREV.ES.18.110187.001453
Pilger, T.J., Gido, K.B., Propst, D.L., 2010. Diet and trophic niche overlap of native and
nonnative fishes in the Gila River, USA: implications for native fish conservation. Ecol.
Freshw. Fish 19, 300–321. https://doi.org/10.1111/J.1600-0633.2010.00415.X
Pinnegar, J.k., Polunin, N.V.C., 1999. Differential fractionation of δ13C and δ15N among fish
tissues: implications for the study of trophic interactions. Funct. Ecol. 13, 225–231.
https://doi.org/10.1046/J.1365-2435.1999.00301.X
Post, D.M., Layman, C.A., Albrey, A.D., Ae, A., Takimoto, G., John, A.E., Ae, Q., Montañ,
C.G., n.d. Getting to the fat of the matter: models, methods and assumptions for dealing
with lipids in stable isotope analyses. https://doi.org/10.1007/s00442-006-0630-x
77

Pratt, T.C., Gorman, O.T., Mattes, W.P., Myers, J.T., Quinlan, H.R., Schreiner, D.R., Seider,
M.J., Sitar, S.P., Yule, D.L. and Yurista, P.M., 2016. The State of Lake Superior in 2011.
Great Lakes Fishery Commission. Special Publication, 16(1), p.I.
Purchase, C.F., Collins, N.C., Shuter, B.J., 2005. Sensitivity of maximum sustainable harvest
rates to intra-specific life history variability of lake trout (Salvelinus namaycush) and
walleye (Sander vitreus). Fish. Res. 72, 141–148.
https://doi.org/10.1016/j.fishres.2004.11.006
Quist, M.C., Pegg, M.A. and DeVries, D.R., 2012. Age and growth. Fisheries techniques, 3rd
edition. American Fisheries Society, Bethesda, Maryland, pp.677-731.
Ramos, R., the, J.G.-S.-F. in E. and, 2012, undefined, 2012. Trace me if you can: the use of
intrinsic biogeochemical markers in marine top predators. Wiley Online Libr. 10, 258–266.
https://doi.org/10.1890/110140
Rastetter, E.B., Kwiatkowski, B.L., McKane, R.B., 2005. A stable isotope simulator that can be
coupled to existing mass balance models. Ecol. Appl. 15, 1772–1782.
https://doi.org/10.1890/04-0643
Ray, B.A., Hrabik, T.R., Ebener, M.P., Gorman, O.T., Schreiner, D.R., Schram, S.T., Sitar, S.P.,
Mattes, W.P., Bronte, C.R., 2007. Diet and Prey Selection by Lake Superior Lake Trout
during Spring, 1986-2001. Internat. Assoc. Gt. Lakes Res 33, 104–113.
Reich, K.J., Bjorndal, K.A., Martínez del Rio, C., 2008. Effects of growth and tissue type on the
kinetics of 13C and 15N incorporation in a rapidly growing ectotherm. Oecologia 2008
1554 155, 651–663. https://doi.org/10.1007/S00442-007-0949-Y
Richards, J.M., Hansen, M.J., Bronte, C.R., Sitar, S.P., 2004. Recruitment Dynamics of the
1971–1991 Year-Classes of Lake Trout in Michigan Waters of Lake Superior. North Am. J.
Fish. Manag. 24, 475–489. https://doi.org/10.1577/M02-078.1
Richoux, N.B., Ndhlovu, R.T., 2015. Temporal variability in the isotopic niches of rocky shore
grazers and suspension-feeders. Mar. Ecol. 36, 1045–1059.
https://doi.org/10.1111/MAEC.12200
Rio, C.M. del, Wolf, N., Carleton, S.A., Gannes, L.Z., 2009. Isotopic ecology ten years after a
call for more laboratory experiments. Biol. Rev. 84, 91–111. https://doi.org/10.1111/J.1469185X.2008.00064.X
Robillard, M.M., McLaughlin, R.L., Mackereth, R.W., 2011. Diversity in Habitat Use and
Trophic Ecology of Brook Trout in Lake Superior and Tributary Streams Revealed Through
Stable Isotopes. Chang. Publ. Wiley 140, 943–953.
https://doi.org/10.1080/00028487.2011.601219

78

Rose, K.A., Cowan, J.H., Winemiller, K.O., Myers, R.A., Hilborn, R., 2001. Compensatory
density dependence in fish populations: importance, controversy, understanding and
prognosis. Fish Fish. 2, 293–327. https://doi.org/10.1046/J.1467-2960.2001.00056.X
Rosinski, C.L., Vinson, M.R., Yule, D.L., 2020. Niche Partitioning among Native Ciscoes and
Nonnative Rainbow Smelt in Lake Superior. Trans. Am. Fish. Soc. 149, 184–203.
https://doi.org/10.1002/TAFS.10219
Rubenstein, D.R., Hobson, K.A., 2004. From birds to butterflies: animal movement patterns and
stable isotopes. Trends Ecol. Evol. 19, 256–263.
https://doi.org/10.1016/J.TREE.2004.03.017
Schmalz, P.J., Hansen, M.J., Holey, M.E., Mckee, P.C., Toneys, M.L., 2002. Lake Trout
Movements in Northwestern Lake Michigan; Lake Trout Movements in Northwestern Lake
Michigan. North Am. J. Fish. Manag. 22, 737–749. https://doi.org/10.1577/15488675(2002)022<0737:LTMINL>2.0.CO;2
Schmidt, S.N.S.N., Zanden, M.J.V.Z.J. Vander, Kitchell, J.F.K.F., 2009. Long-term food web
change in Lake Superior. https://doi.org/10.1139/F09-151 66, 2118–2129.
https://doi.org/10.1139/F09-151
Schwarcz, H.P., 1991. Some theoretical aspects of isotope paleodiet studies. J. Archaeol. Sci. 18,
261–275. https://doi.org/10.1016/0305-4403(91)90065-W
Selgeby, J.H., 1988. Comparative Biology of the Sculpins of Lake Superior. J. Great Lakes Res.
14, 44–51. https://doi.org/10.1016/S0380-1330(88)71531-2
Sierszen, M.E., Peterson, G.S., Scharold, J. V, 2006. Depth-specific patterns in benthicplanktonic food web relationships in Lake Superior. https://doi.org/10.1139/F06-057
Sitar, S.P., He, J.X., 2006. Growth and Maturity of Hatchery and Wild Lean Lake Trout during
Population Recovery in Michigan Waters of Lake Superior; Growth and Maturity of
Hatchery and Wild Lean Lake Trout during Population Recovery in Michigan Waters of
Lake Superior. https://doi.org/10.1577/T05-019.1
Sitar, S.P., Morales, H.M., Mata, M.T., Bastar, B.B., Dupras, D.M., Kleaver, G.D., Rathbun,
K.D., 2008. Survey of Siscowet Lake Trout at Their Maximum Depth in Lake Superior.
https://doi.org/10.3394/0380-1330(2008)34[276:SOSLTA]2.0.CO;2
Sitar, S.P., 2017. Assessment of lake trout stocks in Michigan waters of Lake Superior, 1998–
2007. Fisheries Research Report Michigan Department of Natural Resources.

79

Sitar, S., Goetz, F., Jasonowicz, A., Seider, M., 2020. Lipid levels and diet compositions in lake
charr ecotypes at Isle Royale in northern Lake Superior. J. Great Lakes Res. 46, 569–577.
https://doi.org/10.1016/J.JGLR.2020.03.001
Soberón, J., 2007. Grinnellian and Eltonian niches and geographic distributions of species. Ecol.
Lett. 10, 1115–1123. https://doi.org/10.1111/J.1461-0248.2007.01107.X
Stockwell, J.D., Yule, D.L., Hrabik, T.R., Sierszen, M.E., Isaac, E.J., 2014. Habitat coupling in a
large lake system: delivery of an energy subsidy by an offshore planktivore to the nearshore
zone of Lake Superior. Freshw. Biol. 59, 1197–1212. https://doi.org/10.1111/FWB.12340
Stockwell, J.D., Yule, D.L., Hrabik, T.R., Sierszen, M.E., Isaac, E.J., 2014. Habitat coupling in a
large lake system: delivery of an energy subsidy by an offshore planktivore to the nearshore
zone of Lake Superior. Freshw. Biol. 59, 1197–1212. https://doi.org/10.1111/FWB.12340
Swanson, H.K., Kidd, K.A. and Reist, J.D., 2011. Quantifying importance of marine prey in the
diets of two partially anadromous fishes. Canadian Journal of Fisheries and Aquatic
Sciences. 68, 2020-2028.
Swanson, H.K., Lysy, M., Power, M., Stasko, A.D., Johnson, J.D., Reist, J.D., 2015. A new
probabilistic method for quantifying n-dimensional ecological niches and niche overlap. Ecology
96, 318–324.
Thomas, S.M., Crowther, T.W., 2015. Predicting rates of isotopic turnover across the animal
kingdom: a synthesis of existing data. J. Anim. Ecol. 84, 861–870.
https://doi.org/10.1111/1365-2656.12326
Turschak, M.B.A., Bronte, M.C.R., Czesny, D.S.J., Gerig, D.B.S., Happel, D.A., Höök, D.T.O.,
Kornis, D.M.S., Leonhardt, M.B.S., Matthias, D.B.G., Rinchard, D.J., Bootsma, D.H.A.,
2021. Temporal Variation in the Niche Partitioning of Lake Michigan Salmonines as it
Relates to Alewife Abundance and Size Structure. https://doi.org/10.1139/cjfas-2021-0027
47907. https://doi.org/10.1139/CJFAS-2021-0027
Underwood, C.J., Crowley, S.F., Marshall, J.D., Brenchley, P.J., 1997. High-Resolution carbon
isotope stratigraphy of the basal Silurian Stratotype (Dob’s Linn, Scotland) and its global
correlation. J. Geol. Soc. London. 154, 709–718. https://doi.org/10.1144/GSJGS.154.4.0709
Vander Zanden, M.J., Casselman, J.M., Rasmussen, J.B., 1999. Stable isotope evidence for the
food web consequences of species invasions in lakes. Nat. 1999 4016752 401, 464–467.
https://doi.org/10.1038/46762
Vasquez, B.R., Whitinger, J.A., Sitar, S.P., Zorn, T.G., Gerig, B.S., 2021. Diet and trophic
ecology of introduced salmonines at two south shore ports of Lake Superior, 2019. J. Great
Lakes Res. 47, 1117–1125. https://doi.org/10.1016/J.JGLR.2021.03.018

80

Vinson, M.R., Hoffmann, J.M., Muir, A.M., Rosinski, C.L., Krueger, C.C., Bronte, C.R.,
Hansen, M.J., Sitar, S.P., Allen, E.W., Baker, L.F., Swanson, H.K., 2020. Gut contents from
multiple morphs of lake trout (Salvelinus namaycush) at two offshore shoals in Lake
Superior. J. Great Lakes Res. 46, 1382–1390. https://doi.org/10.1016/J.JGLR.2020.06.020
Vinson, M.R., Evrard, L.M., Gorman, O.T., Rosinski, C., Yule, D.L., n.d. Status and Trends in
the Lake Superior Fish Community, 2019 1.
Wallace, A.A., Hollander, D.J., Peebles, E.B., 2014. Stable Isotopes in Fish Eye Lenses as
Potential Recorders of Trophic and Geographic History. PLoS One 9, e108935.
https://doi.org/10.1371/JOURNAL.PONE.0108935
Wellenkamp, W., He, J.X., Vercnocke, D., 2015. Using Maxillae to Estimate Ages of Lake
Trout. North Am. J. Fish. Manag. 35, 296–301.
https://doi.org/10.1080/02755947.2014.1001045
Whitinger, J., 2020. The Consequences of Non-Native Species Invasions on the The
Consequences of Non-Native Species Invasions on the Contemporary and Historic Trophic
Ecology of Native Sport Fish Contemporary and Historic Trophic Ecology of Native Sport
Fish in a Lake Michigan Embayment in a Lake Michigan Embayment.
Wilberg, M.J., Bronte, C.R., Hansen, M.J., 2004. Fleet Dynamics of the Commercial Lake Trout
Fishery in Michigan Waters of Lake Superior during 1929-1961. Internat. Assoc. Gt. Lakes
Res 30, 252–266.
Wolf, N., Carleton, S.A., Rio, C.M. del, 2009. Ten years of experimental animal isotopic
ecology. Funct. Ecol. 23, 17–26. https://doi.org/10.1111/J.1365-2435.2009.01529.X
Wolf, N., Newsome, S.D., Peters, J., Fogel, M.L., 2015. Variability in the routing of dietary
proteins and lipids to consumer tissues influences tissue-specific isotopic discrimination.
Rapid Commun. Mass Spectrom. 29, 1448–1456. https://doi.org/10.1002/RCM.7239
Zanden, H.B. Vander, Bjorndal, K.A., Reich, K.J., Bolten, A.B., 2010. Individual specialists in a
generalist population: results from a long-term stable isotope series. Biol. Lett. 6, 711.
https://doi.org/10.1098/RSBL.2010.0124
Zimmerman, M.S., Schmidt, S.N., Krueger, C.C., Jake, M., Zanden, V., Eshenroder, R.L., n.d.
Ontogenetic niche shifts and resource partitioning of lake trout morphotypes.
https://doi.org/10.1139/F09-060

81

APPENDIX A: ISOTOPE BASELINES
Figure A1. Probabilistic 95% niche regions (ellipses) from estimates of δ15N and δ13C for
Diporeia (red), Mysis (green) and Zooplankton (blue) sampled during summer of 2019 from five
ecoregions of Lake Superior.
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Figure A2. Probabilistic 95% niche regions (ellipses) from estimates of δ15N and δ34S for
Diporeia (red), Mysis (green) and Zooplankton (blue) sampled during summer of 2019 from five
ecoregions of Lake Superior.
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